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ABSTRACT 


This  report  covers  in  detail  the  sold  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  August  through 
31  October  1984.  The  topics  covered  are  Solid  State  Device  Research, 
Quantum  Electronics,  Materials  Research,  Microelectronics,  and 
Analog  Device  Technology.  Funding  is  primarily  provided  by  the  Air 
Force,  with  additional  support  provided  by  the  Army,  DARPA, 
Navy,  NASA,  and  DOE. 
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1.  SOLID  STATE  DEVICE  RESEARCH 

A  new  type  of  high-performance  lateral  PIN  photodetector  has  been  formed  by  alloying  p-  and 
n-type  metallic  contacts  onto  semi-insulating  InGaAs  or  InP  without  a  separate  junction  fabrication 
step.  Low  dark  current  (<1  nA),  high  external  quantum  efficiency  (40%  at  X  =  1.24  /jm,  without 
antirefiection  coating),  and  high  speed  (FWHM  <  50  ps)  have  been  obtained  with  reverse  bias  of 
10  V.  These  characteristics,  plus  the  simplicity  of  fabrication  and  the  planar  lateral  configuration, 
make  these  devices  attractive  for  photodetector  arrays  and  for  monolithic  integration  with  field- 
effect  transistors. 

Optical  waveguide  structures  with  symmetric  branches  preceded  by  abrupt  bends  have  been  studied. 
Measured  power-splitting  ratios  range  from  0  to  6  dB  and  oscillate  with  the  bend-branch  separation. 
The  power  splitting  also  depends  or  ''he  mode  effective  index,  which  is  affected  by  the  polarization, 
wavelength,  and  waveguide  fabrication  parameters. 

The  performance  evaluation  of  the  components  for  the  integrated  optics  wavefront  measurement 
sensor  is  continuing.  The  experimental  results,  obtained  when  the  interferometer  array  output  is 
coupled  into  and  then  read  out  of  a  CCD  imager,  show  excellent  agreement  with  theory. 

GalnAsP/  InP  distributed  feedback  lasers  have  been  fabricated  with  a  simple  new  design  in  which  the 
grating  is  etched  into  the  top  of  a  mass-transported  buried  heterostructure.  Single-frequency 
operation  with  sidemodes  lower  than  -32  dB  and  threshold  currents  as  low  as  16  mA  has  been 
achieved. 

Single-mode  InP  p*-n-n+  slab-coupled  rib  waveguides  capable  of  phase  modulating,  TE-polarized, 
1.3-^m  radiation  have  been  fabricated.  These  guides  should  prove  useful  in  the  fabrication  of  two- 
guide  coupler  switches  and  interferometric  modulators. 

2.  QUANTUM  ELECTRONICS 

The  Nd:Cr:GSGG  solid  state  laser  has  been  investigated.  Operation  at  1060  nm  shows  an  im¬ 
provement  by  nearly  a  factor  of  two  in  slope  efficiency  over  Nd:YAG  at  the  expense  of  a  much 
greater  thermal-lensing  effect.  High-efficiency  operation  at  1300  nm  also  has  been  demonstrated. 

Enhanced  quantum  efficiencies  have  been  obtained  for  Au-InP  internal  photoemission  detectors 
using  grating  coupling  of  incident  radiation  into  surface  plasma  waves  confined  to  the  air-metal 
interface.  Enhancements  of  over  a  factor  of  30  have  been  obtained  at  the  resonance  coupling  angles. 
Time-resolved  response  measurements  show  that  the  present  detectors  are  RC-limited,  and  response 
speeds  under  10  ps  are  attainable  with  lower  carrier  concentration  materials  and  smaller  active  areas. 


3.  MATERIALS  RESEARCH 


The  yield  of  high-purity  InP  ingots  synthesized  from  the  elements  during  the  past  year  was 
significantly  lower  than  in  previous  years,  a  decrease  that  can  be  attributed  to  the  continuing  low 
purity  of  as-received  phosphorus  and  a  reduction  in  the  effectiveness  with  which  electrically  active 
impurities  were  removed  (or  rendered  inactive)  by  prebaking  the  phosphorus  before  synthesis.  Since 
secondary-ion  mass  spectrometric  (SIMS)  analysis  of  ingots  with  carrier  concentrations  exceeding 
1  •  l()16  cnr1  shows  that  Si  is  the  dominant  donor  impurity,  it  is  probable  that  as-received 

phosphorus  is  contaminated  with  Si.  If  not,  the  phosphorus  must  contain  some  other  impurity  that 
influences  the  incorporation  ol  Si  from  another  source  into  the  InP. 

Microwave  MESFETs  with  promising  performance  have  been  fabricated  in  zone-melting- 
recrystallized  Si  films  on  fused-silica  substrates.  The  Si-on-quartz  structure  should  be  useful  for 
monolithic  microwave  integrated  circuits  because  of  its  low  parasitic  capacitance  and  the  low 
dielectric  loss  of  quartz. 

A  theory  of  the  effect  of  traps  on  diode  laser  characteristics  has  been  formulated  to  explain  (1)  the 
excess  linewidth.  and  (2)  the  I  f  components  in  the  FM  and  current  fluctuation  spectra  of  GaAs/ 
CiaAlAs  double-heterostructure  lasers.  The  theory  attributes  these  phenomena  to  fluctuations  in  the 
populations  of  traps  located  in  the  active  region  and  in  the  GaAlAs  confining  layers,  respectively. 

4.  MICROELECTRONICS 

A  modified  CCD  labrication  process  has  been  developed  for  producing  an  overlapping  gate  structure 
which  permits  submicron  control  of  the  gap  size  while  using  conventional  optical  lithography.  This 
process  has  been  used  to  fabricate  a  four-phase,  16-stage  Schottky  barrier  CCD  on  GaAs  with  a 
charge  transler  inefficiency  of  less  than  2  X  I0-4  at  a  1-MHz  clock  rate,  indicating  that  charge  loss 
due  to  potential  troughs  between  the  gates  has  been  essentially  eliminated. 

Improved  performance  has  been  observed  on  a  high-speed  GaAs  p-i-n  photodiode  fabricated  on  a 
semi-insulating  GaAs  substrate.  In  addition  to  an  impulse  response  of  19  ps  FWHM  to  4-ps  laser 
pulses  at  757  nm.  it  exhibits  an  external  quantum  efficiency  of  15  percent  at  757  and  814  nm.  The 
diode  design  permits  integration  in  monolithic  optoelectronic  circuits  containing  such  devices  as 
GaAs  field-effect  transistors. 

Oscillations  have  been  observed  for  the  first  time  from  double-barrier  resonant  tunneling  structures. 
At  sufficiently  high  current  densities  and  proper  impedance  match  to  the  resonant  circuit,  the  devices 
oscillated  readily  in  the  negative  resistance  region.  A  maximum  output  power  of  5  juW  and 
oscillation  frequency  of  18  GHz.  with  a  DC  to  RF  efficiency  of  2.4  percent  at  temperatures  as  high 
as  200  K  have  been  obtained. 


xu 


5.  ANALOG  DEVICE  TECHNOLOGY 


A  new  readout  technique  for  a  charge-coupled  device  (CCD)  image  processor  has  been  demonstrated 
that  provides,  in  a  single,  rapid  readout  operation,  a  histogram  of  the  distribution  of  pixel  intensities 
in  the  image.  Examples  of  the  use  of  such  information  are  to  provide  rapid  dynamic  threshold  levels 
for  an  image  digitizer  or,  when  applied  to  the  difference  of  two  images,  to  indicate  when  a  change 
has  occurred  somewhere  in  a  scene. 

Using  a  SAW  convolver  as  a  continuously  programmable  matched  filter  for  92.5-MHz  MSK- 
modulated  PN  waveforms,  a  technique  has  been  demonstrated  that  provides  a  wideband  receiver  in  a 
dense  communication  environment  with  the  capability  to  suppress  a  strong  signal  from  a  nearby 
transmitter  relative  to  weaker  signals  originating  from  more  distant  locations.  A  limiter  followed  by 
a  bandpass  filter  will  suppress  the  smaller  signals  by  6  dB  relative  to  the  larger  constant-amplitude 
component.  By  subtracting  this  bandpass-limited  reference  signal  from  the  original  signal,  the  larger 
signal  will  be  highly  suppressed  while  the  smaller  signals  are  reduced  by  only  6  dB. 
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1.  SOLID  STATE  DEVICE  RESEARCH 


1.1  LATERAL  PHOTODETECTORS  ON  SEMI-INSULATING  InGaAs  AND  InP 

Interest  continues  in  developing  sensitive,  high-speed  photodetectors  operating  in  the  1.0- 
to  1.5-pm  region  of  the  spectrum.  For  many  applications  it  is  desirable  to  have  structures 
that  can  be  easily  integrated  with  other  electronic  components.  Here,  we  describe  a  new 
kind  of  PIN-like  photodetector  which  satisfies  the  above  performance  and  fabrication  re¬ 
quirements.  This  device  has  high  quantum  efficiency,  a  very  fast  response  time,  and  is 
fabricated  simply  by  evaporating  and  alloying  n-  and  p-type  contact  metals  on  semi- 
insulating  material.  The  very  low  carrier  concentration  (approximately  intrinsic)  of  the 
material  plays  a  key  role,  and  to  emphasize  this  we  refer  to  these  devices  as  PSIN 
(p-semi-insulating-n)  photodetectors. 

Devices  on  both  semi-insulating  InP  and  InGaAs  were  fabricated  and  tested.  Both 
materials  have  low  surface  recombination  velocities,  which  is  essential  for  high  quantum 
efficiency.  InP  PSIN  devices  were  made  on  Fe-doped  LEC-grown  bulk  InP  with  very  low 
carrier  concentrations  (n  =  7  X  !07  cm'-1)  and  very  high  resistivity  (p  3  X  107  fl-cm). 

In0  53Ga047As  PSIN  devices  were  fabricated  on  Fe-doped  LPE  material  grown  on  InP:Fe 
substrates.1-2  The  epitaxial  layers  were  2  to  4  pm  thick  with  n  =  1  X  (012  cm1  and  p  ~ 
2500  H-cm,  which  are  also  intrinsic  values  consistent  with  the  narrower  bandgap  of  InGaAs. 

A  cross  section  of  the  InGaAs  PSIN  device  structure  is  shown  in  Figure  1  -  1(a).  Except 
for  the  absence  of  the  LPE-grown  InGaAs:Fe  layer,  the  InP  device  structure  is  identical. 

The  stippled  areas  indicate  the  p-  and  n-regions  formed  by  diffusion  of  the  dopants  from 
the  contact  metals  into  the  semiconductor;  the  i-region  is  formed  by  the  semi-insulating 
material  itself.  The  devices  consisted  of  100-pm-wide  electrodes  with  gap  spacings  of  3.  5. 

10,  and  20  pm.  Contact  metals  were  e-beam  evaporated  NiGeAu  for  the  n-type,  and  ZnAu 
for  the  p-type  electrodes.  To  insure  effective  alloying  (without  which  the  desired  diode-like 
characteristics  were  not  obtained),  contact  resistances  were  monitored  by  simultaneous 
fabrication  of  n-n  and  p-p  contacts  on  n-  and  p-type  substrates,  yielding  5  and  9  fl, 
respectively.  Chips  containing  four  devices,  one  of  each  gap  size,  were  mounted  in  high- 
frequency  packages,  with  a  single  device  ribbon-bonded  to  50-fl  alumina  microstrips. 

Typical  I-V  characteristics  of  an  InGaAs: Fe  PSIN  device  in  the  dark  and  illuminated  by 
an  InGaAsP  laser  are  shown  in  Figure  l-I(b).  These  curves  clearly  exhibit  both  diode-like 
rectification  and  photoresponse.  Under  reverse  bias,  low  values  of  dark  current  (<l  nA  at 
10  V)  and  high  breakdown  voltage  (50  V)  are  observed.  The  quantum  efficiency  was  mea¬ 
sured  using  a  calibrated  Ge  photodetector  and  yielded  a  value  of  40  percent  at  20  V  for 
20-pm-gap  devices  without  antireflection  coating. 

Device  capacitance  (C)  values  were  obtained  by  measuring  high-frequency  insertion  loss 
as  a  function  of  frequency  by  means  of  a  spectrum  analyzer  and  an  RF  generator.1  In  the 
50-MHz  to  I -GHz.  range,  C  50  fF  was  calculated  for  3-pm-gap  devices.  The  capacitance 
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Figure  1  -1  (a).  Schematic  cross  section  of  InGaAs  PSIN  structure.  Gap  spacing  (d) 
is  3.  5.  10.  or  20  pm. 
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Figure  1  -1  (b).  Curve  tracer  l-V  characteristics  of  a  20- ^m  PSIN  device 
in  dark  and  under  illumination. 
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Figure  1-2.  Pulse  response  of  e  3-^m  PSIN  device,  under  forward  and  reverse  bias,  to  a  comb-generator- 
driven  InGaAsP  laser  (A  =  1 .24  «im).  Notice  different  time  scales  but  similar  peak  heights.  FWHM  is  1 .2  ns  and 
57.2  ps  under  forward  and  reverse  bias,  respectively. 

decreased  linearly  with  1/d  (the  reciprocal  of  the  gap  size),  and  by  extrapolating  the  data 
to  zero,  a  value  for  the  parasitic  capacitance  of  =*18  fF  was  obtained.  In  contrast  to 
conventional  photodiodes  with  comparable-size  active  areas,  even  small-gap  PSIN  detectors 
are  not  RC-limited.  The  PSIN  device  capacitance  was  independent  of  reverse  bias,  indicating 
that  the  gap  region  is  depleted  at  V  =  0,  as  expected.  Response  times  of  the  PSIN  devices 
were  measured  using  100-MHz  comb-generator-driven  GaAs  or  InGaAsP  diode  lasers,  with 
the  output  of  the  photodetector  being  monitored  directly  on  a  sampling  oscilloscope.  Typical 
response  times  under  forward  and  reverse  bias  are  shown  in  Figure  1-2  for  a  3-^m-gap 
InGaAs:Fe  device.  The  forward-bias  pulse  full-width-at-half-maximum  (FWHM)  is  of  the 
order  of  a  nanosecond  and  corresponds  to  the  carrier  lifetime  in  InGaAs:Fe;  this  fact  is 
confirmed  by  the  similar  values  of  FWHM  obtained  when  two  n  contacts  from  adjacent 
PSIN  devices  are  bonded  to  the  package  in  a  typical  photoconductive  configuration.  Under 
reverse  bias,  where  the  carriers  are  swept  out  before  they  can  recombine,  FWHM  =  60  ps. 
The  transition  from  forward  to  reverse  bias  is  smooth,  with  the  forward  FWHM  decreasing 
with  decreasing  bias.  The  photocurrent  actually  goes  to  zero  at  +0.3  V;  at  V  =  0,  there  is  a 
small  negative  current  pulse  whose  FWHM  is  already  100  ps.  At  a  few  volts  reverse  bias, 
FWHM  becomes  independent  of  voltage.  The  FWHM  for  the  3-,  5-,  10-,  and  20-^m-gap 
devices  are  50,  50,  60,  and  90  ps,  respectively.  Comparison  of  these  measured  values  with 
calculated  transit  times  indicates  that  the  10-  and  20-jxm  devices  are  transit  time  limited, 
whereas  the  3-  and  5-/2m  devices  are  limited  by  the  measurement  system  response  time.  As 
expected,  in  no  case  was  the  device  response  time  RC-limited. 

Thus,  because  of  their  simple  fabrication  process,  planar  configuration,  and  performance 
characteristics,  PSIN  detectors  are  attractive  for  applications  in  optical  communications  and 
optical  signal  processing. 

V.  Diadiuk 
S.H.  Groves 
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1.2  POWER  SPLITTING  BEHAVIOR  OF  OPTICAL  WAVEGUIDE  STRUCTURES 
WITH  CLOSELY  SPACED  ABRUPT  BENDS  AND  BRANCHES 


Optical  waveguide  structures  containing  successive  bends  and  branches  are  useful  for 
distributing  optical  power  in  multi-device  integrated  optical  circuits.  Space  limitations  may 
require  that  the  bends  and  branches  in  complex  structures  be  spaced  closely  together.  We 
have  recently  performed  the  first  experimental  and  theoretical  study  of  structures  with  closely 
spaced  bends  and  branches.4  Radiation-field  coupling  between  the  bends  and  branches  can 
significantly  affect  the  behavior  of  these  structures. 

Single-mode  Ti:LiNbC>3  channel-waveguide  structures  consisting  of  a  symmetric  Y-branch 
preceded  by  an  abrupt  bend  were  fabricated  and  tested.  The  waveguides  were  made  by 
diffusing  4-/xm-wide,  400-A-thick  titanium  strips  into  X-cut  lithium  niobate  substrates  at 
I000°C  for  5-3/4  hours.  These  guides  are  single  mode  at  0.83  /urn  for  both  polarizations. 


CONNECTING  SEGMENT  LENGTH.  L  l/im) 


Figure  1  -3.  Measured  transmission  from  two  branch  arms  of  bend-branch  structures  plotted  vs  their 
connecting-segment  lengths.  Measurements  were  made  using  TM-polarized  light  at  a  wavelength  of 
0.83  /jm. 


The  measured  TM  transmission  of  a  structure  containing  a  1°  abrupt  bend  and  a 
branch  with  a  1°  half-angle  is  plotted  in  Figure  1-3.  This  structure  was  designed  to  enhance 
the  bend-branch  coupling  effects  rather  than  to  minimize  the  losses.  Note  that  the  branch- 
arm  transmission  exhibits  a  strong  oscillatory  dependence  on  the  length  of  the  waveguide 
segment  connecting  the  bend  and  the  branch  for  lengths  between  100  and  800  /am.  The 
ratio  of  the  two  branch-arm  transmissions  ranges  from  0  to  ±6  dB,  with  the  oscillatory 
variation  becoming  less  pronounced  at  longer  connecting-segment  lengths. 
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We  have  analyzed  this  structure  and  have  shown  that  the  transmission  depends  on  both 
the  interference  between  the  guided  and  radiation  modes  propagating  in  the  connecting 
segment  and  the  change  in  the  relative  phases  of  the  two  local-normal  modes  propagating  in 
the  branch.  We  have  also  observed  and  analyzed  the  effect  of  the  optical  polarization  and 
wavelength  and  the  waveguide  fabrication  conditions.  Conditions  which  result  in  a  greater 
guided-mode  effective  index  relative  to  the  substrate  index  yield  transmission  vs  connecting- 
segment  length  oscillations  having  shorter  periods,  and  also  enhance  the  effect  of  propaga¬ 
tion  in  the  branch.4-^  Results  of  this  study  can  be  used  to  design  compact  single-mode 
multiple-branching  circuits. 

D.  Yap 
L.M.  Johnson 

1.3  INTEGRATED  OPTICS  WAVEFRONT  MEASUREMENT  SENSOR 

The  performance  of  the  components  for  the  wavefront  measurement  sensor  shown  in 
Figure  1-4  is  being  evaluated.  In  previous  Solid  State  Research  reports,6-7  we  described  the 
performance  of  the  LiNb03  interferometers  and  horn  antennas  shown  in  Figure  1-4.  The 
horn  antennas  increase  the  collection  efficiency  of  incident  radiation.7  Here,  we  report  the 
performance  of  the  interferometer  array  when  its  output  is  coupled  into  and  then  read  out 
of  a  CCD  imager.  For  equal  power  P  incident  on  each  of  the  waveguides,  the  output  of 
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Figure  1-4.  Wavefront  measurement  sensor  consisting  of  an  array  of  interferometers  with  horn 
antennas  as  input  and  CCD  imager  as  output. 


the  interferometer  as  a  function  of  the  phase  difference  <£  between  the  optical  waves  incident 
on  the  two  arms  of  the  interferometer  is  given  by 


’*  *  [2P  ( — -2 — ) 


where  B  takes  into  account  additional  losses  in  the  interferometer  arms  (such  as  loss  due  to 
bends),  and  <t>0  is  the  built-in  phase  bias  due  to  differences  in  interferometer  arm  lengths. 
The  quantity  4>0  can  be  eliminated  electrooptically  or  by  real-time  data  processing.  Typically, 
the  variation  in  interferometer  arm  lengths  is  ±20  nm  in  1  cm  (2  parts  in  106),  which  cor¬ 
responds  for  the  GaAlAs  laser  radiation  used  (\  =  370  nm  in  LiNbC^)  to  values  of 
«  ±20°. 


PHASE  ANGLE  (f>  BETWEEN  INTERFEROMETER  ARMS  (deg) 

Figure  1-6.  Experimental  reeults  P^/fP)  for  an  array  of  20  interferometers  read  out  from  a  CCD  imager  are 
compared  with  theoreticel  curve  cos2(4>/2).  The  more  than  600  data  points  were  normalized  so  maximum 
value  of  ratio  for  each  interferometer  was  unity.  Phase  angle  <t>  for  experimental  points  for  each  interferometer 
wes  adjusted  by  a  constant  for  each  interferometer  for  best  fit.  Input  radiation  was  at  810  nm. 


Results  of  the  evaluation  of  an  array  of  interferometers  read  out  by  a  CCD  imager  are 
shown  in  Figure  1-5.  The  agreement  between  experiment  and  theory  is  excellent.  However, 
the  experimental  data  do  not  go  completely  to  zero  at  180°  phase  angle  because  of  a  small 
amount  of  crosstalk  between  adjacent  CCDs.  This  crosstalk  is  expected  because  the  CCD 
imager  used  was  designed  for  detection  of  the  visible  radiation,  and  the  infrared  GaAs  laser 
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radiation  (A  =  810  nm  in  air)  produces  electron-hole  pairs  deeper  in  the  silicon  than  radia¬ 
tion  at  the  design  wavelength.  Some  of  the  charge  produced  deep  in  the  silicon  by  the  out 
put  of  the  straight  (intensity  monitoring)  waveguides  diffuses  to  adjacent  CCD  elements 
aligned  with  the  interferometer  (wavefront  phase  sensing)  waveguides. 

R.H.  Rediker 
T.A.  Lind 
B.E.  Burke 

1.4  A  NOVEL  GalnAsP/lnP  DISTRIBUTED  FEEDBACK  LASER 

In  recent  years  considerable  effort  has  been  devoted  to  the  development  of  GalnAsP/ 
InP  distributed  feedback  (DFB)  lasers  for  use  as  stable  single-frequency  sources  in  fiber 
optic  communications.8'13  In  this  work  we  describe  a  novel  device  design  which  offers  high 
performance  and  considerable  fabrication  simplicity. 
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Figure  1-6.  A  schematic  drawing  of  the  GalnAsP/lnP  distributed  feedback  laser. 

As  illustrated  in  Figure  1-6,  the  device  consists  of  a  mass-transported  buried  heterostruc 
ture14-15  with  a  thin  p-InP  cap  layer  and  a  wide  mesa  on  which  a  grating  corrugation  is 
etched  in  the  middle,  with  Au/Zn  alloyed  contacts  formed  on  each  side.  Sufficient  coupling 
between  the  guided  mode  and  the  grating  corrugation  occurs  if  the  InP  cap  layer  is  approx 
imately  1  /*m  thick.  The  first-order  grating  corrugation  with  a  periodicity  of  2028  A  and 
tooth  height  of  approximately  2500  A  is  formed  by  using  contact  x-ray  lithography16  (with 
a  holographically  generated  mask  pattern)  and  ion-beam-assisted  etching  using  chlorine  gas.1. 
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Figure  1  -7.  Emission  spectra  of  one  device  just  above  lasing  threshold  at  (a)  20°C 
and  (b)  10.6°C.  In  (a),  lasing  modes  are  shown  located  on  shorter-wavelength  side  of 
apparent  spontaneous  emission  spectrum.  Expanded  wavelength  eeale  in  (b)  shows 
more  details  of  lasing  spectrum. 
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The  wafer  is  then  coated  with  a  phosphosilicate  glass  (PSG)  layer  0.4  /nm  thick  (not  shown 
in  Figure  1-6),  and  a  pair  of  stripe  openings  are  defined  in  the  PSG  on  top  of  the  laser 
mesa  for  Au/Zn  alloyed  contacts.  The  rest  of  the  metallization  and  dicing  procedures  are 
similar  to  those  described  previously. 14  Each  finished  device  has  a  cleaved  front  facet  where 
the  output  power  is  measured;  the  rear  is  either  cleaved  or  saw-cut. 

Devices  fabricated  with  a  relatively  long  cavity  (546  and  241  ^m  for  pumped  and 
unpumped  sections,  respectively)  and  saw-cut  end  show  room-temperature  pulsed  threshold 
currents  as  low  as  16  mA.  Figure  l-7(a-b)  shows  CW  emission  spectra  of  a  device  just 
above  its  lasing  threshold.  As  evident  in  Figure  1  -7(a),  the  dominant  lasing  mode  with  a 
wavelength  of  1.3098  /urn  is  located  on  the  shorter-wavelength  side  of  the  apparent  spon¬ 
taneous  emission  spectrum.  This  is  a  strong  indication  that  the  device  is  lasing  in  a  DFB 
mode,  since  the  Fabry-Perot  modes  should  be  located  on  the  other  side  of  the  spontaneous 
spectrum  where  the  gain  maximum  occurs.  Indeed,  Fabry-Perot  mode  operation  at  wave¬ 
lengths  of  1.33  to  1.34  /an  was  observed  in  shorter  devices  cleaved  from  the  same  wafer 
but  without  the  unpumped  section  and  saw-cut  end.  (Since  the  present  DFB  resonance 
wavelength  is  approximately  260  A  away  from  the  gain  maximum,  the  Fabry-Perot  mode 
can  have  a  lower  threshold  current  in  devices  without  the  unpumped  section  and  saw-cut 
end.)  Figure  l-7(b)  shows  a  similar  spectrum  at  I0.6°C  and  on  different  scales.  Note  that 
the  threshold  current  drops  to  31  mA.  The  series  of  peaks  are  likely  the  DFB  modes,  with 
the  dominant  one  just  outside  the  stop  band.8-9 

At  higher  currents  the  dominant  mode  continues  to  grow,  and  the  other  DFB  modes 
are  at  -37  dB  when  the  current  is  60  mA  (which  is  approximately  1.54  times  the  threshold 
current  Ith),  as  shown  in  Figure  1-8.  However,  a  pair  of  modes  of  unknown  origin  with  a 
-32-dB  intensity  are  observed  at  ±50  A  of  the  dominant  DFB  mode,  as  evident  in 
Figure  1-8. 

Shorter  devices  with  smaller  unpumped  sections  and  boih  ends  cleaved  show  room- 
temperature  CW  threshold  currents  as  low  as  13.5  mA  but  with  more  complicated  mode 
behaviors.  A  device  with  pumped  and  unpumped  sections  of  318  and  152  /um,  respectively, 
showed  a  CW  threshold  current  of  16  mA  at  room  temperature  and  single-frequency  opera¬ 
tion  (with  sidemodes  estimated  at  -30  dB)  up  to  at  least  2.5  Ith  (with  an  output  power  of 
2.8  mW),  but  with  a  mode  hop  from  k  =  1.3054  to  1.3092  /urn  at  1.6  Ith.  Other  devices 
with  little  or  no  unpumped  sections  lase  in  Fabry-Perot  modes  in  the  spectral  region  of  1.33 
to  1.34  /um,  but  still  show  considerably  better  mode  purity  than  similar  devices  fabricated 
without  the  grating.  (The  latter  also  lase  at  wavelengths  of  1.33  to  1.34  /um.) 

It  is  worth  noting  that  the  present  device  is  considerably  simpler  than  more  conven¬ 
tional  DFB  lasers8'13  in  terms  of  the  waveguide  and  current-confinement  structures  and 
fabrication  procedures.  In  particular,  the  grating  is  fabricated  after  the  wafer  growth  is  com¬ 
pleted.  This  not  only  avoids  the  problems  associated  with  growth  over  the  grating,1819  but 
also  allows  the  wafer  to  be  more  thoroughly  characterized  before  the  grating  is  fabricated. 
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Figure  1-8.  Emission  spectra  of  device  at  20.6°C  and  two  different  currents  above  threshold. 
Note  that,  at  I  -  1.54  1^.  sidemodes  are  lower  than  -32  dB. 
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Figure  1  -9.  Calculated  current  and  voltage  distributions  near  active  region  in  present  structure 
Dashed  curves  are  streamlines  of  current  flowing  into  active  region  Solid  curves  are  equipoten 
tials.  with  numbers  labeling  voltage  values  in  volts. 

One  potential  problem  ol  the  present  device  is  a  possible  leakage  current  Iq  flowing 
through  the  InP  pn  homojunctions  in  the  transported  regions  ,s  (The  homojunctions  are 
illustrated  as  dashed-line  segments  in  Figure  1-6.)  This  current  leakage  has  been  analyzed 
previously  for  other  mass-transported  buried-heterostructure  lasers  and  has  been  shown  to  be 
capable  of  causing  a  saturation  of  light  output  at  high  current.1'  A  similar  analysis  has 
been  carried  out  for  the  present  structure.-0  in  which  the  current  Iq  flowing  from  the 
Au  Zn  contacts  to  the  quaternary  active  region  and  the  corresponding  voltage  distribution 
are  modeled  by  using  a  conformal  mapping  technique,  as  illustrated  in  Figure  1-9.  This 
analysis  yields  the  forward-bias  voltage  along  the  homojunctions,  which  can  in  turn  be  used 
to  estimate  lH.  For  small  values  of  Iq  the  calculated  1^  is  negligible,  but  its  importance 
grows  with  increasing  Iq.  The  value  of  Iq  when  IH  =  0. 1  Iq  is  designated  as  1|  and  has 
been  calculated  for  various  device  parameters;  e.g..  I{  =  74  mA  is  obtained  for  the  device  of 
Figure  1-9.  1,  can  be  increased  considerably  by  using  a  higher  p-doping.  narrower  trans¬ 
ported  regions,  a  closer  alignment  of  the  Zn-diffused  p+  regions  to  the  quaternary,  or  a 
larger  pumped-section  length.  It  is  worth  noting  that,  if  the  device  were  fabricated  with  an 
n-type  mesa  on  a  p-type  substrate,  there  would  be  negligible  voltage  buildup  due  to  high 

conductivity  of  n-type  InP.  However,  the  p-doping  on  the  substrate  side  would  need  optimi¬ 

zation  in  order  to  enable  very  high  current  operation. 

In  conclusion,  a  GalnAsP  InP  DFB  laser  has  been  realized  in  a  simple  new  design  in 
which  the  grating  is  fabricated  on  top  of  a  mass-transported  buried  heterostructure.  Thresh¬ 
old  currents  as  low  as  16  mA  have  been  obtained,  and  still  lower  threshold  current  can 

possibly  be  achieved  when  the  DFB  resonance  wavelength  and  the  gain  maximum  are  better 
matched.  Further  optimization  of  the  doping  scheme,  the  transported  region  width,  and 
ohmic  contact  alignment  is  needed  for  high-power  capability. 


Zl  I.iau 
D  C.  Flanders 
J.N.  Walpole 
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1.5  SINGLE-MODE  InP  OPTICAL  WAVEGUIDE  CAPABLE 

OF  PHASE  MODULATION 

Single-mode  optical  waveguides  in  which  the  effective  index  can  be  modulated  via  the 
electrooptic  effect  are  necessary  components  of  integrated-optic  switches  and  modulators.  In 
this  section  an  InP  single-mode  p+-n-n+  slab-coupled  rib  waveguide  capable  of  phase  modu¬ 
lating  TE-polarized  1.3-^m  radiation  is  described.  It  should  be  possible  to  fabricate  two- 
guide  coupler  switches21-22  and  interferometric  modulators23-24  in  InP  using  guides  of  this 
type. 

A  schematic  cross  section  of  a  single-mode  p+-n-n+  InP  slab-coupled  rib  waveguide  is 
shown  in  Figure  1-10.  The  InP  wafer  used  to  fabricate  these  waveguides  consisted  of  a 
(lOO)-oriented  n+-substrate  and  a  5.5-pm-thick  n-type  layer  with  a  carrier  concentration 
of  *»2  X  I016  cm*3  grown  by  liquid  phase  epitaxy.  To  form  the  p+  ribs,  the  wafer  was 
implanted  with  a  multi-energy  Be-implanted  schedule  and  annealed  at  750°C,  which  produced 
a  1.5-jum-deep  p+  layer  with  a  uniform  carrier  concentration  of  =2  X  1018  cm*3  (Refer¬ 
ence  25).  Rib  waveguides  approximately  5  nm  wide  were  then  formed  by  etching  through 
the  p+  implanted  layer  into  the  epitaxial  layer  to  a  total  depth  of  about  2  /um.  The  wave¬ 
guides  were  oriented  for  propagation  along  a  (Oil)  direction.  A  SiC>2  layer  was  deposited  on 
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Figure  1-10.  Schematic  of  single-mode  p  -n-n  InP  slab-coupled  rib  waveguide. 
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top  of  the  wafer  and  Au/Mg  and  Au/Sn  ohmic  contacts  were  applied  to  the  p+  ribs  and 
the  back  of  the  n+  substrate,  respectively.  The  input  and  output  faces  of  the  waveguide  were 
then  cleaved.  These  p+-n-n+  InP  waveguides  are  similar  to  the  GaAs  waveguides  recently 
used  in  a  high-frequency  interferometer.23’24  While  the  propagation  loss  of  these  guides  was 
not  measured  in  detail,  a  comparison  of  their  transmitted  power  with  that  of  guides  of  sim¬ 
ilar  dimensions  with  known  loss  coefficients  indicates  that  the  loss  per  unit  length  is  of  the 
order  of  1.5  to  2.0  cm4  at  1.3  /xm. 

To  determine  the  modulation  characteristics  of  these  waveguides,  radiation  from  a  single¬ 
mode  GalnAsP/InP  double-heterojunction  laser  operating  at  1.3  fxm  was  passed  through  a 
polarizer  and  end-fired  coupled  into  the  cleaved  end  face  of  one  of  the  waveguides.  The 
input  radiation  was  polarized  (nominally  at  45°  to  the  perpendicular)  so  that  approximately 
an  equal  amount  of  TE-  and  TM-like  radiation  was  excited  in  the  guide.  The  output  of  the 
waveguide  was  passed  through  an  analyzer  and  focused  on  a  Ge  photodiode. 

Figure  1-11  shows  the  relative  outputs  of  a  5-mm-long  waveguide  vs  reverse  bias  on  the 
p+-n  junction  with  the  analyzer  either  parallel  or  perpendicular  to  the  input  polarization. 

Both  curves  approximate  an  offset  cosine  function  of  applied  voltage.  The  maximum  output 
with  the  analyzer  parallel  to  the  input  polarization  (minimum  output  with  the  analyzer  per¬ 
pendicular  to  the  input  polarization)  does  not  occur  at  zero  bias,  because  at  low  fields  the 
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velocity  of  the  TE-like  mode  is  slightly  slower  than  that  of  the  TM-like  mode.  Reverse  bias¬ 
ing  the  p+-n  junction  decreases  the  refractive  index  in  the  plane  of  the  junction  [i.e.,  the 
(Oil)  direction],  but  leaves  the  index  perpendicular  to  the  plane  of  the  junction  [i.e..  the 
(100)  direction]  unaffected.-6  -7  Therefore,  the  velocity  of  the  TE-like  mode  increases  with 
reverse  bias,  while  that  of  the  TM-like  mode  is.  at  least  to  first  order,  not  affected.  This 
results  in  a  change  in  phase  of  the  TE-like  mode  relative  to  that  of  the  TM-like  mode  at 
the  output  face,  and  produces  the  observed  variation  in  relative  output.  The  exiinction  ratio 
is  about  16.5  dB.  This  relatively  low  value  was  obtained  primarily  because  the  amounts  of 
TE-  and  TM-like  radiation  in  the  guide  were  not  exactly  equal.  Extinction  ratios  in  couplers 
and  interferometers  where  only  the  TE-like  radiation  is  excited  should  be  considerably 
higher. 

A  voltage  difference  of  about  25  V  is  required  to  produce  a  n  phase  shift  in  the 
TE-like  mode.  i.e..  to  go  from  a  maximum  to  a  minimum  in  the  relative  output  of  either 
curve  shown  in  Figure  1-11.  Using  simple  approximations  for  both  the  electric  field  shape 
in  the  p-n  junction  and  the  field  shape  of  the  TE-like  optical  mode,  a  rough  estimate  of 
=  1.5  X  10~10  cm  V  for  the  electrooptic  coefficient  n4i  was  obtained  from  the  measured 
voltage  difference.  This  value  is  in  reasonable  agreement  with  the  n4,  value  of  1.3  X 
l()‘10  cm  V  reported  for  InP  at  1.35  /am  by  Tada  and  Suzuki.28 

J.P.  Donnelly  F.J.  O'Donnell 

N.L.  DeMeo  S.H.  Groves 
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2.  QUANTUM  ELECTRONICS 


2.1  EVALUATION  OF  THE  Nd:Cr:GSGG  LASER 


Research  on  the  Nd:Cr:GSGG  laser  described  previously1  has  continued;  this  report  will 
discuss  determination  of  crystal  losses,  a  comparison  with  the  Nd.YAG  laser,  measurements 
of  thermal  lensing,  and  operation  in  the  1 300-nm-wavelength  region. 

The  loss  in  a  solid  state  laser  cavity  associated  with  the  laser  rod  can  be  estimated  by 
evaluating  the  laser  output  as  a  function  of  both  the  pump  input  and  the  output  mirror 
transmission.  In  a  pulsed  system,  the  output  energy  Eoul  is  well  approximated  by  the 
expression 

Eou,  =  ^(Ein  -  Eth)  (2-1) 


where  Ein  is  the  pump  energy,  Eth  is  the  pump  input  energy  at  threshold,  and  A  is  the 
slope  efficiency.  A  is  in  turn  approximated  by 


A  = 


L  +  T 


(2-2) 


where  T  is  the  output-mirror  fractional  transmission,  and  L  is  the  round-trip  fractional  loss 
in  the  laser  cavity  not  associated  with  the  output  mirror.  A0  is  the  limiting  slope  efficiency 
in  the  system,  related  to  the  overall  conversion  of  pump  input  energy  to  stored  energy  in 
the  upper  laser  level.  Measurements  of  A  at  several  values  of  T  allow  the  calculation  of 
both  L  and  A0,  by  taking  ratios  between  observed  slope  efficiencies. 

Data  on  the  input-output  performance  at  1060  nm  of  a  0.5  x  7.5-cm  NdrCr.GSGG  rod 
for  three  output-mirror  transmissions  is  shown  in  Figure  2-1.  The  boule  from  which  the  rod 
was  fabricated  was  determined  by  optical  absorption  measurementst  to  be  doped  with 
approximately  1.5  x  1020  Nd3+  ions/cm3  (0.65  wt%)  and  7.5  x  1019  Cr3+  ions/cm3 
(0.15  wt%).  The  400-Torr-pressure  xenon  pump-lamp  had  an  arc  length  of  6.4  cm,  a  bore 
diameter  of  0.4  cm,  and  a  Ce-doped  quartz  envelope;  the  pump  cavity  was  a  Kigret 
YW-525  doped-glass  assembly.  The  LC-discharge  network  had  capacitance  and  inductance 
values  of  55  mF  and  82  mH,  respectively. 

Analysis  of  the  data  in  Figure  2-1  showed  that  L  was  0. 10  and  A0  was  0.07.  The  three 
different  possible  values  for  L  calculated  by  taking  ratios  of  slopes  all  agreed  within 
±10  percent.  The  resultant  loss  in  the  laser  rod  is  equivalent  to  an  absorption/ scattering  loss 
coefficient  of  ~0.007  cm'1.  The  same  series  of  slope  measurements  was  performed  on  a  con¬ 
ventional  1%-doped  Nd.YAG  laser  rod,  and  the  resultant  values  for  L  and  A0  were  0.075 


t  The  assistance  of  Dr.  Michael  Shinn  at  Lawrence  Livermore  Laboratory  in  these  mea¬ 
surements  is  acknowledged. 

t  Kigre  Inc..  Toledo,  Ohio. 


Figure  2-2.  Thermal  lens  created  by  pumped  Nd.Cr.GSGG  rod  as  a  function  of  average  power  to  pump 
lamp.  Lamp  pulse  rate  was  10  Hz. 


and  0.039.  respectively.  Thus,  the  particular  rod  of  Nd:Cr:GSGG  used  in  the  experiments  in¬ 
creased  the  limiting  slope  efficiency  by  a  factor  of  1.8  over  a  Nd:YAG  rod. 

Thermal  lensing  in  the  Nd:Cr:GSGG  rod  as  a  function  of  average  pump  power  was 
measured  by  passing  a  collimated  beam  from  a  1.15-jum  helium-neon  laser  through  the 
pumped  rod  and  determining  the  position  of  the  beam  focus.  Data  are  shown  in  Figure  2-2. 
where  the  thermal  focal  length  is  expressed  in  diopters,  the  inverse  of  the  focal  length  in 
meters.  The  thermal  focal  length  of  a  Nd.YAG  rod  under  the  same  conditions  was  consider¬ 
ably  greater  and  difficult  to  determine;  it  was  roughly  ten  times  larger.  Thus,  the  increased 
efficiency  from  Nd:Cr:GSGG  is  accompanied  by  a  much  greater  thermal-lensing  effect,  even 
at  the  same  output  level. 

Operation  of  the  Nd:Cr:GSGG  laser  on  the  4Fj  2  ~~  4h  t  2  transition  in  the  1300-nm- 
wavelength  region  was  obtained  by  appropriately  changing  both  the  AR  coatings  on  the  rod 
and  the  laser-cavitv  mirrors.  Input-output  data  appear  in  Figure  2-3  for  two  different 
output-mirror  transmissions.  The  values  for  L  and  A0  (calculated  similarly  as  above  for 
1060-nm  operation)  were  0.08  and  0.048.  respectively. 


In  summary,  the  Nd:Cr:GSGG  laser  has  a  greater  slope  efficiency  than  the  Nd:YAG 
system,  but  also  a  considerably  greater  thermal-lensing  effect.  Thus,  more  efficient  Ndu  la¬ 
sers  can  be  constructed  using  the  Cr3+-sensitized  GSGG  host,  but  the  laser  cavity  design  will 
have  to  compensate  for  a  relatively  high  value  of  thermal  tensing  if  a  rod  geometry  is 
employed.  Efficient  1300-nm  operation  of  Nd:Cr:GSGG  has  been  demonstrated,  with  possible 
application  as  a  pump  source  for  Co2+  or  Ni2+  doped  lasers. 

P.F.  Moulton 

2.2  ENHANCED  QUANTUM  EFFICIENCY  INTERNAL  PHOTOEMISSION 

DETECTORS  BY  GRATING  COUPLING  TO  SURFACE  PLASMA  WAVES 

The  use  of  gratings  to  couple  optical  energy  into  surface  plasma-wave  modes  that  are 
confined  to  a  metal-dielectric  boundary  has  been  extensively  explored.2  With  optimal  choices 
of  the  grating  period  and  profile,  nearly  100-percent  coupling  efficiency  has  been  achieved.3 
This  coupling  has  been  used  to  enhance  the  quantum  efficiency  of  internal  photoemission 
detectors  in  which  hot  carriers  are  generated  in  a  metal  film  by  optical  absorption,  and  are 
collected  by  internal  photoemission  over  a  Schottky  barrier  into  a  semiconductor.  There  has 
been  significant  interest4-6  in  internal  photoemission  detectors  as  a  result  of  their  uniformity, 
long  wavelength  response,  and  compatibility  with  integrated-circuit  fabrication  techniques. 

For  these  initial  experiments  the  Au-(p-InP)  system  was  used.  Gratings  with  a  period  of 
2  /urn  and  a  line/space  ratio  of  ~l/3  were  fabricated  photolithographically  on  heavily  doped 
(~1  X  1018  cm-3)  p-InP.  Electron-beam  evaporated  Au  films  were  deposited  to  form  the 
Schottky  barriers.  Both  the  film  thickness  and  the  groove  depth  were  varied  to  find  the 
optimum  coupling  conditions.  Detectors  were  defined  by  removing  most  of  the  Au  film, 
leaving  square  areas  125  pm  on  a  side.  Thicker  Au  contact  pads  were  evaporated  along  one 
edge  of  the  detector;  the  ohmic  back  contact  was  thermally  evaporated  AuMg  alloyed  at 
420°C  for  10  s. 

Both  CW  1.15-jim  He-Ne  and  mode-locked  1.06-/um  YAG  lasers  were  used  to  character¬ 
ize  the  detector  performance.  Figure  2-4  shows  the  reflectivity  (top  trace)  and  the  detector 
response  (bottom  trace)  as  a  function  of  the  angle  of  incidence  for  1.15-/um  irradiation  of  a 
detector  with  50-nm-deep  grooves  and  a  30-nm-thick  Au  film.  These  curves  are  for  TM 
polarization,  with  the  grating  grooves  oriented  perpendicular  to  the  electric  field  vector.  The 
dips  in  the  reflectivity  at  incident  angles  of  26°,  8°,  and  45°  correspond  to  the  m  =  I,  2, 
and  3  surface  plasma  wave  coupling  resonances,  respectively.  The  decreases  in  the  reflectivity 
near  normal  and  grazing  incidence  are  due  to  experimental  limitations.  The  small  peaks  in 
the  reflectivity  curve  near  18°  and  35°  are  not  actual  changes  in  the  reflectivity  (zero-order 
diffraction)  but  are  due  to  higher-order  diffracted  beams  which  are  scattered  into  the  collec¬ 
tion  optics  at  these  angles. 

The  corresponding  responsivity  results  for  this  detector,  as  well  as  those  for  an  identi¬ 
cally  fabricated  detector  without  the  grating  morphology,  are  shown  in  the  bottom  trace  of 


Figure  2-4.  Reflectivity  (top)  and  detector  response  (bottom)  as  incident  angle  is  varied 
for  TM-polarized.  1.15-^m  radiation  incident  on  an  Au-(p-lnP)  Schottky-barrier  internal 

photoemission  detector  with  an  etched  surface  grating  (see  text  for  details).  Dips  in  , 

reflectivity  and  corresponding  peaks  in  response  occur  at  angles  for  coupling  into  surface 
plasma  waves  at  air-metal  interface. 

r 

Figure  2-4.  The  three  peaks  in  the  response  correspond  to  the  dips  in  the  reflectivity.  At  j 

the  resonant  coupling  angles,  more  of  the  incident  energy  is  coupled  into  the  surface  ' 

plasma  wave  mode  at  the  air-Au  interface,  is  absorbed  in  the  metal,  and  ultimately  contrib-  < 

utes  to  the  detector  response.  The  maximum  responsivity,  at  the  peak  of  the  m  =  1  reso¬ 
nance,  is  a  factor-of-30  greater  than  the  responsivity  for  the  untextured  detector.  The  quan-  ;■ 

turn  efficiency  at  this  angle  was  ~0.4  percent  at  zero  bias.  This  increased  to  1.2  percent  at 
a  reverse  bias  of  2  V,  probably  because  of  both  field-induced  tunneling  and  field-induced 
depression  of  the  Schottky  barrier  in  this  heavily  doped  substrate.  Peak  quantum  efficiencies 
of  over  2  percent  at  reverse  biases  of  3  V  were  observed  with  somewhat  more  deeply  etched 
gratings. 

By  varying  both  the  groove  depth  and  the  film  thickness,  very  different  angular  re¬ 
sponse  patterns  were  generated.  For  100-nm-deep  grooves,  the  response  did  not  show  the 
sharp  peaks  illustrated  here  but  rather  consisted  of  flat  plateaus  with  significant  changes  in 
the  response  at  the  positions  corresponding  to  the  peaks  in  the  50-nm-deep  groove  detectors. 

The  peak  response  occurred  at  normal  incidence  and  extended  for  a  total  angular  acceptance 

of  ~20°.  ; 
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The  resonant  coupling  angles  can  be  simply  evaluated  from  the  relation: 

6  =  sin-'  {Re 

where  e  is  the  metal  dielectric  constant,  and  d  is  the  grating  period.  The  finite  thickness  of 
the  metal  film  causes  some  broadening  and  shifting  of  the  resonance  positions.  A  more 
detailed  analysis  of  this  response  has  been  carried  out  and  will  be  reported  elsewhere.7 

The  response  speed  of  these  detectors  is  limited  by  the  RC  time  constant  associated 
with  the  capacitance  of  the  Schottky  barrier  and  by  the  hot-carrier  transit  time  across  the 
depletion  region.  For  this  heavily  doped  substrate  material,  the  capacitance  limit  is  much 
more  severe  since  the  depletion  region  is  only  ~30  nm  wide  at  zero  bias.  The  detector 
response  speed  was  measured  using  100-ps-duration  1.06-/xm  pulses  from  a  CW  mode-locked 
YAG  laser.  At  zero  bias,  the  detector  fall  time  of  3.7  ns  was  consistent  with  the  measured 
capacitance.  This  response  time  decreased  to  less  than  2  ns  at  a  reverse  bias  of  3  V  as  a 
result  of  the  increased  depletion  width.  By  properly  choosing  the  substrate  carrier  concentra¬ 
tions  and  detector  dimensions,  it  should  be  possible  to  construct  detectors  with  response 
speeds  of  ~10  ps  without  any  loss  in  responsivity. 

Further  optimization  of  the  detector  response  should  result  in  higher  quantum  efficiency 
and  higher  speed.  Significantly  better  responsivity  can  be  achieved  by  using  a  higher  spatial 
frequency  grating  so  that  only  one  diffracted  order  is  allowed.  In  this  case,  all  the  energy 
coupled  out  of  the  incoming  light  beam  is  converted  to  surface  waves  and  ultimately  to  hot 
carriers;  for  the  present  relatively  coarse  grating  (A/d  =  0.59),  some  of  the  energy  is  merely 
shifted  between  the  reflected  and  transmitted  beams  and  the  various  diffracted  orders,  and 
reradiated.  Model  calculations  indicate  that  only  approximately  1/3  of  the  energy  coupled 
out  of  the  reflected  beam  is  actually  absorbed  in  the  metal.  Fabrication  of  a  much  higher 
spatial  frequency  grating  (d  ~  A/n,  where  n  is  the  semiconductor  refractive  index)  and 
illumination  through  the  semiconductor  material  will  allow  coupling  to  the  surface  plasma 
wave  at  the  metal-semiconductor  interface.  Because  the  energy  in  this  mode  is  closely  con¬ 
fined  to  the  interface,  the  quantum  efficiency  would  be  increased,  as  carriers  would  not  have 
to  diffuse  across  the  metal  film  before  collection. 

We  have  demonstrated  improved  quantum  efficiencies  for  internal  photoemission  detec¬ 
tors  in  the  Au-lnP  system  through  grating  coupling  of  incident  radiation  into  surface  plasma 
wave  modes.  These  same  techniques  are  also  applicable  to  other  Schottky-barrier  systems 
such  as  metal-GaAs  and  metal  or  metal  silicide-Si.  For  the  GaAs  case,  this  will  result  in  a 
fast  detector  for  the  near-infrared  wavelengths  used  in  low-loss  fiberoptic  systems  that  can 
be  fabricated  on  bulk  GaAs  and  is  compatible  with  additional  GaAs  integrated-circuit  con¬ 
struction.  For  many  of  the  metal  silicide-Si  systems,  techniques  such  as  back  illumination 
and  resonant  cavity  overlayers  have  already  been  developed4-6  to  provide  high  absorption 


efficiencies  in  the  thin  metallic  layers;  nevertheless,  the  capability  to  tailor  the  spectral 
response  by  adjusting  the  grating  parameters  will  provide  enhanced  capabilities,  particularly 
for  the  detection  of  spectrally  narrow  sources. 


S.R.J.  Brueck 
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2.3  THEORY  OF  THE  EFFECT  OF  TRAPS  ON  THE  SPECTRAL 

CHARACTERISTICS  OF  DIODE  LASERS 

According  to  the  Schawlow-Townes  theory,8  the  power  spectrum  of  a  laser  is  Lorentzian 
and  the  linewidth  Aw  extrapolates  to  zero  in  the  limit  of  high-power  output  P.  For  GaAs/ 
GaAlAs  heterostructure  diode  lasers,  the  observed  spectra  are  approximately  Lorentzian. 
However,  the  measured  full  width  at  half  maximum  is  given  by  Aw  =  (Aw)$j  +  (Atw)e, 
where  the  Schawlow-Townes  linewidth  (Aoi)st  varies  as  1/P,  and  the  excess  linewidth  (Aa>)e 
is  power  independent  but  strongly  temperature  dependent.9  For  such  lasers  the  measured  FM 
noise  spectrum,10’11  which  is  related  to  the  lineshape,11  has  a  low-frequency  component 
varying  as  ~l/f.  Since  many  theoretical  accounts  of  1/f  current  fluctuation  noise  in  semi¬ 
conductors  involve  the  presence  of  trap  levels,  these  diode-laser  characteristics  suggest  that  a 
theory  of  laser  operation  in  the  presence  of  traps  might  prove  fruitful.  We  have  developed 
such  a  theory,  which  can  account  for  the  excess  linewidth  and  provides  a  unified  description 
of  the  FM  noise  spectrum  and  the  current  noise  spectrum  as  well  as  the  lineshape. 

The  basis  of  the  theory  is  the  solution  of  the  set  of  semiclassical  linearized  equations  of 
motion  of  fluctuating  system  variables  under  the  influence  of  Langevin  forces.12  The  equa¬ 
tions  describing  the  fluctuations  in  phase  and  amplitude  of  the  laser  are  modifications  of 
those  used  by  Vahala  and  Yariv13  and  others.14  The  coupling  of  electromagnetic  fluctuations 
to  trap  population  fluctuations  occurs  via  the  change  in  dielectric  constant  with  trap  occupa¬ 
tion.  To  obtain  linearized  coupled  equations  describing  the  rate  of  change  of  fluctuations  in 
the  populations  of  conduction  electrons  and  trapped  electrons,  the  equations  given  by  Lax12 
are  modified  to  take  account  of  the  effect  of  stimulated  emission.  The  linearized  coupled 
equations  are  then  solved  by  matrix  methods,  and  the  solutions  are  used  to  compute  time- 
dependent  correlation  functions  that  are  related  to  the  measured  diode-laser  characteristics. 

The  laser  FM  noise  spectrum  is  proportional  to  the  spectral  density  calculated  from  the 
correlation  function  <</>(r)<£(o)>: 

S($,a/)  =  /  <<£(r)#(o)>  exp  [-i w't]  dr  (2-4) 


where  <t>  is  the  fluctuating  phase,  w’  is  the  angular  frequency,  and  <  >  denotes  an  ensemble 
average.  For  the  frequency  range  ol  interest,  the  spectral  density  obtained  by  using  our  the¬ 
ory  to  evaluate  the  right  side  of  Equation  (2-4)  is 


S(<£,ai')  =  U  i|  ( 1  +  a2)  + 


if 


<6nM5n#i> 
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where  summation  over  repeated  indices  is  implied.  The  first  term  on  the  right  side  of  Equa¬ 
tion  (2-5),  which  is  due  to  fluctuations  in  the  laser  phase  and  amplitude13  and  contributes  a 
white-noise  component  to  the  FM  spectrum,  is  equal  to  (Aw)ST.  The  second  term  is  due  to 
fluctuations  in  the  number  of  electrons  occupying  traps  that  communicate  with  the  conduc¬ 
tion  band  in  the  active  region.  In  this  term  T  is  a  filling  factor,  w0  is  the  center  angular 
frequency  of  the  laser,  e  is  the  real  part  of  the  dielectric  constant,  n^  is  the  number  of 
electrons  occupying  the  /uth  species  of  trap,  Sn^  is  a  fluctuation  in  nM,  =  (3e/3 n^),  and 
AMfi  is  the  decay  rate  for  the  /uth  trap  species. 

For  a  region  with  a  more-or-less  uniform  spatial  distribution  of  traps,  if  communication 
between  the  traps  and  a  conduction  band  takes  place  via  tunneling  through  a  potential  bar¬ 
rier,  the  rate  of  decay  is  exponentially  dependent  on  tunneling  distance,15  yielding  a  distribu¬ 
tion  of  decay  rates  p( AMM)  =  dn^/dA^  =  c/A^M.  For  such  a  distribution,  the  second  term 
on  the  right  side  of  Equation  (2-5)  will  lead  to  a  1/f  contribution  to  the  FM  spectrum,  if 
and  <5nMSnM>  do  not  vary  strongly  with  the  trap  species.  It  has  been  established  exper¬ 
imentally  that  trapping  centers  with  a  range  of  A  values  are  present  in  the  GaAlAs  confin¬ 
ing  layers  adjacent  to  the  active  region  of  heterostructure  diode  lasers.16  The  measured  A 
values  vary  from  ~0. 1  to  ~10  s'1,  the  upper  limit  that  could  be  determined  by  the  experi¬ 
mental  technique  used.  If  the  A  values  extend  to  ~I05  s*1,  these  traps  could  account  for  the 
observed  1/f  component  of  the  FM  spectrum.  As  discussed  below,  we  postulate  additional 
traps  with  a  different  A  distribution  that  contribute  to  the  nearly  flat  portion  of  the  FM 
spectrum  observed  beyond  the  1/f  region. 

The  laser  power  spectrum  is  related  to  the  correlation  function  <[d>(r)  -  d>(o)]2>  by  the 
expression 

SP(w)  =  j'Qoexp|  —  <[d>(r)  -  dKo)]2^  exp  {-i(o>  -  to0)r}  dr  .  (2-6) 

We  have  shown  that  the  general  expressions  given  by  our  theory  for  this  correlation  func¬ 
tion  and  for  the  FM  noise  spectrum  satisfy  the  basic  relationship  between  these  quantities 
derived  by  Walther  and  Kaufmann11 

<[</>(r)  -  0(o)]2>  =  |r|2  f°°  Sm  U  S (<ft,«/)  (2-7) 

-°°  u2  2n 

where  u  =  (oi1r|)/2.  Therefore,  once  S(d>,w’)  is  evaluated,  either  experimentally  or  theoreti¬ 
cally,  the  correlation  function  can  be  calculated  from  Equation  (2-7)  and  SP(a>)  can  then  be 
calculated  from  Equation  (2-6). 

When  the  line  shape  of  a  diode  laser  is  calculated  from  experimental  data10-11  for 
S(</>,ft/)  by  using  Equations  (2-6)  and  (2-7),  it  is  found  that  in  the  vicinity  of  the  half-power 
point  (<o | /2  =  to0  +  Aa»/2)  the  main  contribution  to  SP(w)  arises  from  S(0,a/)  in  the  vicinity 
of  a/  =  Ato/2.  The  measured  values  of  Aa>/2  fall  in  the  range  from  ~3  X  106  to  ~3  X 
I07  s'1,  where  the  1/f  component  of  S (<£,«/)  is  negligible.  If  the  trap  term  in  Equation  (2-5) 
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was  due  entirely  to  traps  of  the  type  discussed  previously,  with  A  values  extending  no 
higher  than  105  s*1,  only  Uj|(l  +  a2)  would  contribute  to  the  power  in  the  vicinity  of  wl/2- 
In  that  case,  the  spectrum  in  this  region  would  be  Lorentzian  with  no  excess  linewidth.  To 
account  for  the  observed  spectrum,  which  is  Lorentzian  but  has  a  finite  value  of  (Ao>)e,  we 
postulate  an  additional  set  of  traps  (designated  by  d),  all  of  which  have  values  of  A  large 
enough  compared  with  A«>/2  to  make  an  appreciable  contribution  to  S(<j>,w')  in  the  vicinity 
of  to'  =  Aoj/2.  Their  total  contribution  in  this  region,  as  given  by  the  trap  term  in  Equa¬ 
tion  (2-5),  is  frequency  independent  (since  A2dd  »  u)'2)  and  yields  the  excess  linewidth 


i  /rWdV  1 
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We  suggest  that  the  additional  traps  are  the  relatively  shallow  dopant  impurities  located  in 
the  laser  active  region.  The  large  increase  observed9  in  (Aw)e  as  the  temperature  is  decreased 
from  room  temperature  to  1.7  K  could  then  be  attributed  to  the  increase  in  the  number  of 
electrons  occupying  these  impurity  levels. 

At  present  Equation  (2-8)  cannot  be  used  to  calculate  (Aa»)e  from  experimental  quanti¬ 
ties,  since  £d,  <Snd5nd>,  and  Add  are  not  known.  However,  upper  limits  on  (Acu)e  can  be 
estimated  by  making  the  reasonable  assumptions  that  fd  <  f  (where  f  =  3e/3n  and  n  is 
the  number  of  conduction  electrons),  <6ndSnd>  <  nd,  and  Add  *»  I08  s*1.  Using  measured 
values  of  £  and  nd  over  the  temperature  range  from  300  to  1.7  K.,  we  obtain  upper  limits 
for  (Aw)e  that  are  comfortably  higher  than  the  measured  values. 

The  qualitative  effects  on  the  FM  noise  spectrum  of  the  two  types  of  traps  that  we 
have  postulated  are  illustrated  by  Figure  2-5,  which  is  a  highly  schematic  log-log  plot  of 


Figure  2-6.  Schematic  plot  of  FM  noise  spectrum  of  diode  laser  for  trap  model  discussed  in  text.  Solid  line  is 
sum  of  contributions  due  to  fluctuations  in  laser  phase  and  amplitude  (designated  by  1  and  2,  respectively). 
Dashed  line  is  total  spectrum  obtained  by  adding  contributions  of  traps  designated  as  »  and  d. 


S(<£,o/)  vs  a/.  In  the  absence  of  the  traps,  the  spectrum  would  have  the  form  shown  by  the 
solid  line,  which  is  the  sum  of  contributions  due  to  fluctuations  in  the  laser  phase  and 
amplitude  (designated  in  the  figure  by  1  and  2,  respectively).  This  line  consists  of  an  initial 
flat  portion,  a  peak  centered  at  the  relaxation  frequency  a>r  that  is  associated  with  the 
resonant  coupling  between  the  laser  emission  and  the  conduction  electrons,  l3-i  4  ancj  a  fjnai 
flat  portion  due  to  fluctuations  in  phase  only.  The  dashed  line  in  Figure  2-5  shows  the 
total  spectrum  obtained  when  the  contributions  of  the  two  types  of  traps  (designated  by  /u 
and  d)  are  added.  In  addition  to  the  1  /to  and  frequency-independent  components  due  to  the 
pi  and  d  traps,  respectively,  this  spectrum  shows  a  small  shift  in  the  position  of  the  reso¬ 
nant  peak  that  reflects  a  joint  contribution  from  both  types  of  traps. 

H.J.  Zeiger 
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3.  MATERIALS  RESEARCH 


3.1  IMPURITIES  IN  POLYCRYSTALLINE  InP  INGOTS 

To  prepare  starting  material  for  the  growth  of  InP  single  crystals  by  the  liquid- 
encapsulated  Czochralski  (LEC)  method,  polycrystalline  InP  is  synthesized  from  the  elements 
in  the  form  of  n-type  ingots  produced  by  directional  solidification  of  In-rich  solutions  under 
controlled  P  pressure  in  fused-silica  ampoules.  Ingots  with  large  enough  grain  size  are  char¬ 
acterized  by  making  Hall  coefficient  (RH)  and  resistivity  (p)  measurements  on  rectangular 
single-crystal  bars  with  dimensions  of  at  least  1  X  2  X  10  mm.  The  electron  concentration  at 
300  K  (njoo)  is  calculated  from  n  =  e‘*Rjj,  and  the  Hall  mobility  at  77  K  (p77)  from 
M  =  RhP'1-  As  reported  earlier, t  photoluminescence  data  at  high  magnetic  fields  show  that  S 
is  the  dominant  shallow  donor  impurity  in  high-purity  ingots,  for  which  n30o  ^  2  X  1015  cm'3 
and  p77  ^  5  X  104  cm2V',s'1. 

Fifteen  polycrystalline  InP  ingots,  each  weighing  about  1  kg,  were  synthesized  during 
1984.  Table  3-1  lists  in  chronological  order  each  of  the  12  ingots  for  which  electrical  mea¬ 
surements  could  be  made,  together  with  the  lots  of  In  and  P  used,  the  synthesis  parameters, 
and  the  values  of  njgg  and  p77  for  a  sample  cut  from  near  the  first-jo-freeze  end  of  the 
ingot.  The  distributions  of  the  p77  values  measured  for  such  samples  from  1980  through 
1984  are  shown  in  histogram  form  in  Figure  3-1.  From  this  figure,  it  is  evident  that  there 
was  a  significant  reduction  in  the  yield  of  high-purity  ingots  during  1983  and  especially 
1984.  Thus,  the  fraction  of  ingots  with  p77  >  5  X  104  cm2V'1s'1  was  23/44  for  1980  through 
1982,  7/20  in  1983,  and  only  2/12  in  1984.  Note  that  the  P  was  vacuum  baked  in  the  syn¬ 
thesis  ampoule  before  InP  synthesis  for  all  the  1984  ingots  and  most  of  the  1983  ingots, 
but  not  for  any  of  the  1980-82  ingots. 

We  attribute  the  reduction  in  the  yield  of  high-purity  ingots  basically  to  a  decrease  in 
the  purity  of  the  as-received  P  used  as  starting  material.  This  explanation  is  supported  by 
the  observation  of  significant  differences  in  purity  between  ingots  prepared  from  the  same 
lot  of  In  but  different  lots  of  P,  increases  in  purity  achieved  by  P  prebaking,  and  a  strik¬ 
ing  correlation  between  purity  and  ampoule  design  for  ingots  synthesized  during  1983  and 
1984.  Two  different  designs,  which  we  designate  as  “design  1”  and  “design  2,”  were  used  for 
these  ingots.  As  shown  in  Figure  3-1,  high-purity  ingots  were  obtained  only  when  P  prebak¬ 
ing  was  employed  in  ampoules  with  design  2.  After  this  correlation  was  found,  we  realized 
that  because  of  the  configurations  of  the  ampoule  pumping  ports  the  effectiveness  of  prebak¬ 
ing  in  removing  volatile  impurities  from  the  P  should  be  greater  for  design  2  than  for 
design  I.  This  difference  can  explain  the  correlation  if  the  impurities  originate  in  the  P. 
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As  shown  in  Table  3-1,  P  prebaking  was  highly  effective  for  the  first  two  1984  ingots 
made  in  ampoules  with  design  2,  ingots  84-3  and  84-4.  These  ingots  had  n-p  values  of  9.1 
and  6.4  X  104  cn^V'U'*,  respectively,  and  n30o  values  of  4  X  1014  and  1.5  X  1015  cm'3.  The 
M77  value  for  ingot  84-3  is  the  highest  we  have  ever  obtained  for  a  polycrystalline  ingot, 
and  is  particularly  noteworthy  because  ingot  83-2,  which  was  synthesized  from  the  same 
lot  of  P  but  without  prebaking,  had  /U77  of  only  1.1  X  IO4  cm2V_,s'1  and  n3oo  of  2.6  X 
1016  cm-3.  For  the  four  remaining  ingots  made  in  ampoules  with  design  2,  however,  the 
highest  /U77  value  was  only  3.1  X  104  cm2V'1s'1.  Apparently  the  P  used,  which  came  from 
four  different  lots,  differed  from  the  earlier  material  in  such  a  way  that  the  effectiveness  of 
prebaking  was  substantially  decreased. 

The  photoluminescence  technique  used  earlier  to  identify  donor  impurities  in  high-purity 
InP  samples  is  not  applicable  to  samples  with  0300  greater  than  about  5  X  1015  cm*3.  In 
order  to  identify  the  donor  impurity  of  impurities  present  in  ingots  with  higher  values  of 
n30<),  six  samples  with  n300  >  1  X  1016  cm'3  (together  with  three  control  samples  with 
n300  <  1  X  1015  cm'3)  were  submitted  to  Charles  Evans  &  Associates  for  determination  of 
Si,  Ge,  Sn,  S,  Se,  and  Te  by  SIMS  analysis  using  Cs  beam  excitation.  The  results  obtained 
for  impurities  other  than  Si  are  not  significant,  since  the  concentrations  found  for  these 
impurities  were  essentially  at  the  respective  background  limits  of  the  SIMS  instrument.  These 
limits  were  less  than  1015  cm'3  for  Ge,  Se,  and  Te,  1  to  5  X  1015  cm'3  for  S,  and  1  to 

3  X  1016  cm'3  for  Sn.  The  results  of  the  Si  determinations  are  given  in  Table  3-2,  where 
the  samples  are  listed  in  order  of  increasing  n300.  The  data  for  the  three  purest  samples 
establish  the  instrumental  background  limit  as  1  to  2  X  10,s  cm'3.  The  Si  concentrations  for 
the  other  samples  are  at  least  five  times  higher  than  this  background  limit.  These  concentra¬ 
tions,  which  are  expected  to  be  accurate  to  a  factor  of  2  or  3,  are  approximately  equal  to 
n300  f°r  ingots  83-15  and  83-22,  about  3  X  n3QQ  for  ingots  84-4  and  84-20,  and  about 

4  X  n30o  for  the  other  two  ingots.  It  is  clear  that  Si,  not  S,  is  the  major  donor  impurity  in 
these  relatively  impure  ingots.  In  addition,  the  data  suggest  that  in  some  cases  a  significant 
fraction  of  the  Si  is  not  electrically  active. 

If  the  low  purity  of  many  ingots  prepared  during  1983  and  1984  is  due  to  the  presence 
of  impurities  that  originated  in  the  as-received  P,  it  would  follow  from  the  SIMS  results  for 
such  low-purity  ingots  that  the  dominant  impurity  species  in  the  P  is  Si.  According  to  this 
model,  since  the  synthesis  process  involves  the  vapor  transport  of  P  from  its  original  loca¬ 
tion  in  the  ampoule  to  the  boat  containing  molten  In,  incorporation  of  Si  in  the  ingots 
would  require  that  Si  be  transported  through  the  vapor  phase  along  with  the  P.  However, 
elemental  Si  is  far  less  volatile  than  P.  The  model  therefore  implies  either  that  a  volatile 
Si-bearing  species  is  initially  present  in  the  P  or  that  such  a  species  is  formed  during  the 
synthesis  process.  The  existence  of  a  Si-bearing  species  even  more  volatile  than  P  would 
also  account  for  the  fact  that  P  prebaking  is  sometimes  very  effective  in  improving  the 
electrical  properties  of  the  ingots.  At  this  time  we  cannot  identify  the  hypothetical  volatile 
Si  species,  although  we  speculate  that  it  might  be  silane  or  some  other  silicon  hydride.  In 


TABLE  3-2 

Concentrations  of  Si  Found  by  SIMS  Analysis 

Ingot 

In 

(Source,  Lot) 

P 

(Source,  Lot) 

[Si] 

(1016  cm-3) 

n300 

(1016cm-3) 

[Si]/ n300 

83-5 

ICA,  All 7 

MCP,  8201 

<0.1  )* 

0.011 

— 

83-4 

ICA,  All 8 

MCP,  8201 

(0.2)* 

0.058 

— 

83-16 

MCP,  HR/136 

MCP,  8201 

(0.2)* 

0.14 

— 

83-15 

MCP,  HR/136 

MCP,  8201 

1 

0.95 

1 

84-10 

MCP,  HR/312 

MCP,  8307 

4 

1.6 

2.5 

83-2 

ICA,  All 8 

RASA,  20320 

10 

2  6 

2 

84-1 

ICA,  A1 236 

MCP,  83/01 

10 

33 

3 

83-22 

MCP,  HR  196 

RASA,  30424 

4 

42 

1 

82-WW 

MCP,  HR/134 

RASA,  20320 

70 

16 

4 

Material  Sources:  MCP  —  MCP  Ltd. 

ICA  —  Indium  Corporation  of  America 

RASA  —  RASA  Industries 
t  Instrumental  background 

addition,  we  cannot  eliminate  the  possibility  that  the  Si  found  in  the  low-purity  ingots  actu¬ 
ally  comes  from  a  source  other  than  the  P.  In  that  case,  there  would  have  to  be  some 
mechanism  by  which  impurities  in  the  P  influence  the  degree  to  which  Si  in  electrically 
active  form  is  incorporated  into  the  InP  during  synthesis. 

G.W.  Iseler 

3.2  MICROWAVE  MESFETS  FABRICATED  IN  ZONE-MELTING-RECRYSTALLIZED 
Si-ON-QUARTZ  FILMS 

Microwave  MESFETs  with  promising  performance  have  been  fabricated  in  zone-melting- 
recrystallized  Si  films  on  bulk  fused-silica  substrates.  The  Si-on-quartz  (SOQ)  structure 
should  be  useful  for  monolithic  microwave  integrated-circuit  applications  because  of  its  low 
parasitic  capacitance  and  the  low  dielectric  loss  of  quartz.  The  Si  films,  which  were  0.5  /*m 
thick,  were  recrystallized  in  a  graphite-strip-heater  system  by  essentially  the  same  technique 
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Figure  3-2.  Schematic  diagram  and  photomicrograph  of  Si-on-quartz  microwave  MESFET. 


that  we  use  for  recrystallization  of  Si  films  on  Si02-coated  Si  substrates.?  Figure  3-2  shows 
a  schematic  cross  section  and  photomicrograph  of  an  SOQ  MESFET.  Because  of  the  tensile 
stress  incorporated  during  recrystallization,  the  SOQ  films  tend  to  crack  during  device  pro¬ 
cessing.  By  using  plasma  etching  to  pattern  the  recrystallized  films  into  isolated  device 
regions,  stress  was  greatly  relieved  and  cracking  was  prevented.  The  channel  region  was 
doped  by  implantation  of  80-keV  P-ions  to  a  dose  of  2  X  1012  cm'2.  A  deep  implant  of 
120-keV  B-ions  was  used  to  provide  proper  channel  isolation  and  tailor  the  channel  thick¬ 
ness  to  • — 0. 15  fim.  The  source  and  drain  were  formed  by  P-ion  implantation  using  photo¬ 
resist  as  a  mask.  After  passivation  of  the  Si  surface  with  a  thin  layer  of  thermal  Si02,  the 
Schottky  gate,  source,  and  drain  contacts  were  fabricated  by  a  lift-off  technique  with  A1 
metallization.  The  devices  have  a  gate  length  of  ~1.4  n m,  gate  width  of  200  jjm,  and 
source-drain  spacing  of  ~3  fim. 

Figure  3-3  shows  the  I-V  characteristics  of  a  typical  SOQ  MESFET.  Because  of  the 
proximity  of  the  gate  to  the  n+  source  region,  the  Schottky  diodes  show  a  soft  breakdown 
characteristic.  This  soft  characteristic,  along  with  a  relatively  low  barrier  height  of  0.5  to 


t  J.C.C.  Fan,  B-Y.  Tsaur,  and  M.W.  Geis,  J.  Cryst.  Growth  63,  453  (1983). 
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Figure  3-3.  Drain  l-V  characteristic*  of  SOQ  MESFET. 


0.6  V  for  the  A1  gate,  results  in  incomplete  turnoff  of  the  channel  region  and  low  transcon¬ 
ductance  near  the  pinch-off  point.  However,  the  devices  show  good  characteristics  when  oper¬ 
ated  under  forward  gate  bias  conditions  and  exhibit  transconductance  of  —45  mS/mm  at 
+0.3  V  gate  voltage.  The  small  pinch-off  voltage  of  -0.5  to  -0.7  V  for  these  devices  is  due 
to  the  low  channel  doping  concentration.  Use  of  a  better  Schottky  metallization,  such  as  Pt 
or  Pt  silicide,  and  optimization  of  the  channel  doping  should  lead  to  a  significant  improve¬ 
ment  in  transconductance  and  output  current  capability. 

Several  devices  have  been  tested  for  microwave  performance.  The  maximum  available 
power  gain  calculated  from  the  measured  S  parameters  for  a  typical  device  is  shown  in 
Figure  3-4.  The  data  follow  a  6-dB/ octave  decrement,  consistent  with  the  hybrid  pi  model. 
For  this  device  the  maximum  frequency  of  oscillation  fmax  was  9  GHz,  and  the  maximum 
available  gain  at  2  GHz  was  —14  dB.  The  best  fmax  we  have  measured  is  —14  GHz.  The 
device  of  Figure  3-4  has  been  operated  as  an  amplifier.  The  minimum  noise  figure  was 
2.5  dB  at  1.2  GHz,  with  an  associated  gain  of  10.4  dB.  This  performance  is  superior  to 
that  of  state-of-the-art  devices  fabricated  in  silicon-on-sapphire  (SOS),  which  employ  1 -Miti¬ 
gate  geometry  and  Pt  metallization. t  We  believe  that  reducing  the  gate  length  and  optimiz¬ 
ing  other  device  parameters  should  lead  to  significant  improvement  in  the  microwave  perfor¬ 
mance  of  SOQ  MESFETs. 

B-Y.  Tsaur  C.L.  Chen 

H.K.  Choi  R.W.  Mountain 

C.K.  Chen  J.C.C.  Fan 


t  R.J.  Naster,  Y.C.  Hwang,  and  S.  Zaidel,  1SSCC  Technical  Digest,  p.  72,  1981. 


4.  MICROELECTRONICS 


4.1  GALLIUM  ARSENIDE  CHARGE-COUPLED  DEVICES 

We  previously  described  a  new  fabrication  process  for  an  overlapping  gate  structure 
which  is  suitable  for  GaAs  Schottky-barrier  CCDs.1  This  process  was  developed  to  reproduc- 
ibly  control  the  gap  between  gate  electrodes  to  submicrometer  precision  with  optical  lithog¬ 
raphy.  Our  initial  results  were  obtained  using  plasma-deposited  silicon  nitride  for  the  dielec¬ 
tric  separating  adjacent  gates  and  Ti-Au  for  the  two  levels  of  gate  metallization.1  However, 
an  undesirable  undercutting  of  the  silicon  nitride  occurs  when  the  first-level  Ti-Au  gates  are 
chemically  etched  with  an  isotropic  etch,  resulting  in  an  inter-electrode  gap  which  is  larger 
than  intended.  We  describe  here  a  modified  process  using  tungsten,  which  can  be  reactive 
ion  etched  (RIE)  in  CF4  without  undercutting,  for  the  first-level  metal  and  silicon  dioxide 
for  the  dielectric.  We  have  fabricated  16-stage  CCDs  with  this  modified  process  and 
obtained  charge  transfer  inefficiencies  (CTls)  of  less  than  2  X  10-4  at  a  l-MHz  clock  rate,  a 
result  which  is  equal  to  that  obtained  from  devices  made  with  the  previous  process. 

The  CCDs  used  in  this  work  were  fabricated  on  n-type  epitaxial  GaAs  grown  using 
AsCl3-Ga-H2  vapor  phase  epitaxy  on  both  Cr-doped  and  undoped  semi-insulating  substrates. 
The  epitaxial  layers  were  between  1.7  and  2.5  nm  thick  with  net  donor  concentrations  of  3 
to  6  X  10* 5  cm-3,  resulting  in  pinch-off  voltages  between  10  and  19  V.  The  sequence  of 
device  fabrication  steps  is  outlined  in  Figure  4-1,  and  begins  with  the  evaporation  of  500  A 
of  tungsten.  Because  tungsten  retains  good  Schottky-barrier  characteristics  on  GaAs  even 
after  anneals  at  temperatures  as  high  as  800°C,  there  was  no  restriction  on  depositing  the 
dielectric  at  low  temperatures.  For  these  devices,  we  used  3000  A  of  silicon  dioxide  pyrolyti- 
cally  deposited  at  450°C.  The  first-level  gates  are  patterned  in  nickel  using  a  conventional 
lift-off  procedure,  leaving  the  structure  shown  in  Figure  4- 1  (a).  The  silicon  dioxide  and 
tungsten  are  then  etched  in  CF4  using  RIE  with  a  bias  of  250  V,  leaving  the  structure 
depicted  in  Figure  4- 1(b).  Because  the  tungsten  has  been  etched  by  the  RIE  it  is  not  subject 
to  undercutting,  in  contrast  to  our  first  process1  in  which  a  Ti-Au  layer  had  to  be  removed 
by  chemical  etching.  In  the  next  step,  the  nickel  RIE  mask  is  stripped  and  the  GaAs  is 
given  a  brief  chemical  etch  to  remove  the  thin  RIE  damage  before  a  second  layer  of  Si02 
with  a  thickness  of  5000  A  is  deposited  [Figure  4- 1(c)].  This  layer  is  anisotropically  etched 
in  CF4  using  RIE  until  the  GaAs  surface  is  again  exposed,  as  depicted  in  Figure  4-l(d), 
leaving  both  the  top  and  sides  of  the  first-level  gates  covered  with  dielectric.  The  second- 
level  gates  are  then  produced  by  a  Ti-Au  evaporation  and  lift-off  procedure,  resulting  in  the 
structure  shown  in  Figure  4- 1(e).  A  scanning  electron  micrograph  of  this  structure  for  a 
completed  device  is  shown  in  Figure  4-2.  The  interelectrode  gap  is  determined  by  the  thick¬ 
ness  of  the  second  dielectric,  and  is  approximately  5000  A  in  this  case.  The  small  undercut 
of  the  GaAs  below  the  silicon  dioxide  is  produced  by  the  etch  used  to  remove  the  RIE 
damage.  Note  that,  if  the  second  level  metallization  is  sufficiently  thin,  the  metal  on  the  sil¬ 
icon  dioxide  will  be  disconnected  from  the  metal  on  the  GaAs.  This  is  of  importance  for 
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Figure  4-3.  CCO  input  (top)  and  output  (bottom)  for  (a)  6-V  and  (b)  4-V  clock  amplitude. 


high-speed  applications,  since  it  would  reduce  the  gate-to-gate  capacitance  to  that  of  conven¬ 
tional  planar  CCD  structures  while  retaining  the  submicrometer  gap  control  of  the  overlap¬ 
ping  gate  process. 

This  modified  process  has  been  used  to  fabricate  the  same  16-stage,  four-phase  CCD 
structure  used  in  the  earlier  work.1  Both  the  first-  and  second-level  gates  consisted  of  9-/um- 
long  gates  with  6-/um  spaces  for  a  30-jum  stage  length.  An  example  of  device  performance 
for  a  device  with  a  15-V  pinch-off  is  shown  in  Figure  4-3.  where  the  upper  trace  of  each 
photo  is  a  group  of  16  pulses  applied  to  the  CCD  input  and  the  lower  trace  is  the  delayed 
CCD  output.  The  CCD  clock  rate  is  1  MHz.  and  the  amplitude  of  clock  phases  I  through 
4  was  6.0  V.  In  Figure  4-3(a)  the  spacing  between  pulse  bursts  was  64  jus.  and  the  charge 
loss  is  too  small  to  be  measured.  The  estimated  upper  limit  on  the  transfer  inefficiency  is 
about  2  X  10-4  per  transfer  for  the  64  transfers.  This  result  is  at  least  an  order-of- 
magnitude  lower  than  most  reported  CTls  for  planar  GaAs  CCDs  (see  References  2 
through  4)  where  oversized  gap  dimensions  were  cited  as  the  principal  contribution  to  the 
charge  loss  and  is  equivalent  to  the  best  CTI  reported.5  When  the  clock  swing  is  reduced 
below  5  V,  there  is  an  abrupt  increase  in  CTI.  as  shown  in  Figure  4-3(b)  for  a  clock  swing 
of  4  V.  Since  this  output  shape  has  the  characteristics  predicted  by  Hansell6  for  devices 
with  potential  troughs,  we  believe  that  the  loss  in  Figure  4-3(b)  is  caused  by  this 
mechanism. 


K.B.  Nichols 
B.E.  Burke 


4.2  PICOSECOND  GaAs  PIN  PHOTODIODES 


In  a  previous  report7  we  discussed  the  fabrication  and  characterization  of  a  planar  p-i-n 
photodiode  that  exhibits  an  impulse  response  of  19  ps  FWHM,  the  fastest  response  time  yet 
reported  for  a  GaAs  p-i-n  diode.  Figure  4-4  is  a  photomicrograph  of  the  device.  The  large 
half-moon-shaped  electrode  provides  electrical  contact  to  the  cathode.  The  mesa  structure 
that  contains  the  active  layers  is  a  semicircle  with  a  12-/*m  radius.  The  small  semicircular 
ohmic  contact  to  the  anode,  which  has  a  radius  of  ~6  nm,  is  accessed  by  a  large  truncated 
electrode.  The  area  not  covered  by  metal  is  the  ring-shaped  6-/xm  gap  between  the  anode 
and  cathode  contacts.  The  surface  of  this  photoactive  area  consists  of  the  p-layer,  through 
which  the  light  has  to  pass  in  order  to  reach  the  depletion  region.  The  measured  junction 
capacitance  was  12  fF,  corresponding  to  a  specific  capacitance  of  0.05  fF/jum2.  An  addi¬ 
tional  parasitic  capacitance  of  ~5  fF  resulted  from  the  metallic  electrodes. 


Figure  4-4.  Photomicrograph  of  p-i-n  device.  Width  of  electrode*  ia  100  pm.  Thi*  device  wa*  designed  a*  an 
RF  switch  for  microwave  and  millimeter-wave  applications. 

More  definitive  measurements  of  the  external  quantum  efficiency  have  been  performed. 
Two  methods  were  used,  both  using  the  4-ps  dye  laser  pulses.  In  one  case  the  number  of 
carriers  generated  per  pulse,  as  determined  by  integrating  the  impulse  response  obtained  with 
the  sampling  oscilloscope  (see  Figure  4-15  of  Reference  7),  was  divided  by  the  number  of 
photons  per  pulse,  giving  an  external  quantum  efficiency  of  15  percent.  In  the  other  case 
the  average  photocurrent  was  divided  by  the  average  incident  optical  power,  giving  a  respon- 
sivity  of  0.1  A/W,  which  corresponds  to  the  same  efficiency  value.  Measurements  carried 


out  at  wavelengths  of  both  757  and  814  nm  gave  the  same  results.  The  photocurrent 
increased  linearly  with  increasing  light  intensity.  The  external  quantum  efficiency  can  be 
increased  by  two  straightforward  techniques:  (1)  application  of  an  antireflection  coating  to 
the  p-layer;  (2)  fabrication  of  the  p-layer  from  Gat_xAlxAs  to  form  a  transparent  window 
for  incident  light  of  wavelengths  above  750  nm  (see  Reference  8). 

With  a  reverse  bias  voltage  of  2  V  across  the  2-^<m  depletion  region,  the  carrier  sweep- 
out  should  be  governed  by  the  saturation  velocity9  of  ~107  cm/s,  which  corresponds  to  a 
transit  time  of  ~20  ps  through  the  intrinsic  layer.  This  estimate,  together  with  the  measured 
low  value  of  the  junction  capacitance,  suggests  that  the  observed  impulse  response  of  19  ps 
is  essentially  determined  by  the  carrier  transit  time.  If  so,  the  time  response  can  be 
improved  by  reducing  the  thickness  of  the  2-/*m-wide  intrinsic  layer. 

W.  Lenth  R.W.  Mountain 

A.  Chu  D.J.  Silversmith 

L.J.  Mahoney  W.E.  Barch 

R.W.  McClelland 

4.3  QUANTUM  WELL  OSCILLATORS 

Oscillations  have  been  observed  for  the  first  time  from  double-barrier  resonant  tunneling 
structures.  By  eliminating  impurities  from  the  wells,  we  have  been  able  to  increase  the  tun¬ 
neling  current  density  by  a  factor  of  nearly  100  over  previous  devices.10  With  the  attendant 
increase  in  gain  and  improved  impedance  match  to  the  resonant  circuit,  the  devices  oscil¬ 
lated  readily  in  the  negative  resistance  region.  Oscillator  output  power  of  5  ^W  and  fre¬ 
quencies  up  to  18  GHz  have  been  achieved  with  a  DC-to-RF  efficiency  of  2.4  percent  at 
temperatures  as  high  as  200  K.  The  maximum  observed  frequency  was  limited  by  the  coax¬ 
ial  circuit  that  conveniently  served  as  the  resonant  structure  rather  than  by  the  intrinsic  time 
constants  of  the  quantum  well. 

It  is  possible  to  damp  the  oscillations  of  devices  with  negative  impedances  of  greater 
than  a  few  hundred  ohms  by  applying  a  broadband  (0.1  to  18  GHz)  50-fi  termination.  Fig¬ 
ure  4-5  shows  such  an  I-V  curve  traced  out  with  the  device  at  a  temperature  of  100  K. 

The  dark  curve  shows  the  true  1-V  curve  of  the  quantum  well  resonator;  the  light  curve 
was  taken  when  the  device  was  oscillating  at  4  GHz.  The  shift  is  due  to  the  current 
response  from  self-detection  of  the  oscillations.  This  interpretation  is  confirmed  by  the  fact 
that  the  sign  of  the  current  response  is  the  same  as  the  curvature  of  the  I-V  curve,  becom¬ 
ing  zero  at  the  inflection  point.  The  dashed  lines  indicate  the  discontinuous  transition 
between  stable  and  oscillating  states. 

The  spectrum  of  a  quantum  well  resonator  oscillating  at  8.2  GHz  and  at  a  temperature 
of  200  K  is  shown  in  Figure  4-6.  The  bandwidth  here  is  limited  by  the  spectrum-analyzer 
resolution,  but  in  measurements  at  higher  resolution  the  bandwidth  was  limited  by  mechani¬ 
cal  stability  of  the  cavity  to  about  10  kHz.  The  wings  40  dB  below  the  peak,  which  extend 
out  to  a  few  megahertz,  are  probably  due  to  low-frequency  noise  mechanisms  in  the  charge 
transport  process. 
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Figure  4-5.  Current-voltage  characteristic  for  a  quantum  well  resonator.  Dark  line  is  true  curve  for  a  stable 
device;  light  line  was  measured  when  oscillating  at  4  GHz.  Difference  is  due  to  self-detection. 


The  observed  output  in  this  case  was  5  n W.  The  maximum  available  power  from  such 
negative  resistance  devices  is  given  by11 

Pmax=~AVAl  (4-1) 

where  AV(AI)  is  the  voltage  (current)  extent  of  the  negative  resistance.  Then  the  maximum 
available  power  is  17  /nW.  In  view  of  the  fact  that  no  matching  optimization  has  been 
attempted,  this  is  reasonable  agreement.  The  observed  DC-to-RF  efficiency  is  2.4  percent, 
and  the  maximum  efficiency  based  on  Equation  (4-1)  would  be  about  8  percent. 

Our  calculations  show  that  another  factor-of-5  can  be  gained  by  a  further  reduction  in 
scattering,  and  there  is  at  least  another  factor-of-10  to  be  gained  by  changing  barrier 
thicknesses. 

If  impedance  levels  get  too  low  because  of  the  higher  current  density,  either  a  smaller 
diameter  or  a  series-connected  stack  could  be  used.  With  these  methods  oscillation  frequen¬ 
cies  of  a  few  hundred  gigahertz  could  be  achieved.  The  output  power  would  also  increase 
at  higher  current  densities. 

T.C.L.G.  Sollner  D.D.  Peck 

P.E.  Tannenwald  W.D.  Goodhue 
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5.  ANALOG  DEVICE  TECHNOLOGY 


5.1  HISTOGRAM  READOUT  TECHNIQUE  FOR  CHARGE-COUPLED 

IMAGE  PROCESSORS 

This  report  describes  the  initial  experimental  demonstration  of  a  new  readout  technique 
for  a  charge-coupled  device  (CCD)  image  processor  that  provides  a  histogram  of  the  distri¬ 
bution  of  pixel  intensities  in  the  image.  Specifically,  an  output  waveform  is  obtained  whose 
amplitude  represents  the  number  of  pixels  in  a  selected  part  of  the  image  whose  intensity  is 
greater  than  a  value  that  is  made  to  decrease  linearly  with  time.  Some  examples  of  the  use 
of  such  information  would  be  to  provide  a  means  for  establishing  rapid  dynamic  threshold 
levels  for  an  image  digitizer  or,  when  applied  to  the  difference  of  two  images,  to  indicate 
when  a  change  has  occurred  in  a  scene. 

To  accomplish  this  function  with  conventional  imagers  one  would  have  to  digitize  the 
entire  image,  store  it  in  a  computer,  and  then  sort  the  pixel  intensities  into  memory  bins 
for  each  resolvable  increment  of  intensity  over  the  full  intensity  range.  The  method  described 
here  can  produce  this  information  for  an  arbitrarily  large  image  array  in  a  single  readout 
operation  that  would  take  much  less  time  than  that  required  to  form  the  image  in  the  first 
place. 

The  technique  is  based  on  sensing  current  in  an  electrode  which  is  common  to  all  of 
the  pixels  to  be  analyzed.  The  readout  is  performed  in  such  a  way  that  the  following  fea¬ 
tures  are  realized: 

(1)  The  magnitude  of  the  current  from  any  pixel  from  which  current  is 
flowing  is  constant  in  time  and  equal  to  current  from  any  other  pixel. 

(2)  The  time  at  which  the  current  from  a  given  pixel  starts  (or  stops) 
depends  on  the  quantity  of  charge  in  that  pixel 

The  first  feature  implies  that  the  amplitude  of  the  current  represents  the  number  of  pix¬ 
els  that  are  contributing  to  the  output;  the  second  feature  implies  that  image  intensity  values 
get  mapped  onto  the  time  axis.  For  example,  if  pixels  with  a  high  intensity  begin  to  con¬ 
tribute  current  to  the  electrode  earlier  than  pixels  with  a  low  intensity,  then  time  corre¬ 
sponds  to  a  decreasing  intensity  threshold,  and  the  magnitude  of  the  current  corresponds  to 
the  number  of  pixels  with  that  intensity  or  more. 

We  have  conceived  of  a  number  of  techniques  for  achieving  the  two  performance  fea¬ 
tures  specified  above.  One  example  uses  the  device  structure  shown  in  Figure  5-1.  It  is  an 
array  of  imaging  elements  (of  which  only  two  are  shown)  biased  by  transparent  storage  elec¬ 
trodes  connected  to  bus  Gs  and  linked  by  transfer  electrodes  connected  to  bus  G,  to  output 
diffusions  connected  to  bus  D. 

The  operational  waveforms  are  illustrated  in  Figure  5-2.  The  transfer  gate  bus  Gt  is 
held  at  a  DC  reference  level.  The  image  is  formed  by  raising  the  bias  on  Gs  to  form  a 
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Figure  6-3.  Charge-storage  and  flow  patterns  at  times  a  through  e  shown  in  Figure  6-2. 

depletion  well  under  each  storage  electrode.  Light  enters  these  storage  wells  through  the 
transparent  electrodes  and  generates  photoelectrons.  After  the  photoelectrons  are  collected, 
each  well  contains  a  charge  packet  proportional  to  the  light  flux  that  was  absorbed  in  that 
imaging  element,  as  shown  in  Figure  5-3a. 

After  the  image  has  been  formed,  the  readout  process  begins.  The  indicated  times  a 
through  e  in  Figure  5-2  correspond  to  the  potential  well  and  charge-storage  patterns  shown 
in  Figures  5-3a  through  e.  The  bias  on  gate  Gs  is  reduced  linearly  in  time  so  that  the  floor 
of  the  potential  wells  rises.  Initially,  no  current  is  collected  on  the  output  diffusion  D. 
However,  as  soon  as  the  potential  floor  has  risen  to  the  point  shown  in  Figure  5-3b  where 
the  charge  level  in  the  fuller  well  is  at  the  reference  potential  under  gate  Gt,  then  charge 
begins  to  spill  over  the  transfer  gate.  The  current  collected  on  the  output  diffusion  D  from 
a  single  pixel  is  given  by 

Ipixel  =  C0X(dV/dt) 

where  Cox  is  the  capacitance  of  the  dielectric  layer  between  gate  Gs  and  the  pixel  cell,  and 
dV/dt  is  the  rate  at  which  the  bias  on  Gs  is  swept.  As  the  voltage  on  gate  Gs  is  further 
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reduced,  the  second  pixel  reaches  the  critical  bias  as  shown  in  Figure  5-3c  and  begins  to 
spill  its  charge  across  the  transfer  gate.  With  a  linear  ramp  on  Gs,  the  currents  from  each 
pixel  will  remain  constant  from  the  time  they  begin  to  flow  until  the  floor  of  the  pixel 
well  reaches  the  reference  level.  Then  the  currents  will  drop  abruptly  to  zero,  as  shown  in 
Figure  5-3d. 

The  charge-spilling  process  occurs  independently  for  each  pixel  in  the  imager,  with  the 
current  starting  to  flow  at  a  time  inversely  related  to  the  charge  in  the  pixel.  The  total  cur¬ 
rent  at  time  t  is  given  by 

KO  =  N[Q(t)]  Ipixel 

where  N[Q(t)]  is  the  number  of  pixels  with  a  charge  packet  greater  than  or  equal  to  Q(t), 
the  amount  of  charge  that  produces  a  full  well  at  the  gate  bias  Gs(t). 

Figure  5-4  shows  experimental  results  obtained  using  a  CCD  chip  which  includes  a  sec¬ 
tion  with  32  wells  connected  via  transfer  gates  to  a  common  diffusion  on  one  side  and  to  a 
CCD  shift  register  on  the  other.  An  electrical  signal  clocked  in  through  the  shift  register 
provided  a  simulated  image.  This  simulated  image  was  made  visible  in  the  photographs  in 
Figure  5-4  by  clocking  the  32-cell  image  through  the  register  twice  in  each  cycle.  The  first 
set  of  32  charge  packets  passes  through  to  the  output  from  the  serial  register,  where  the 
charge  packets  are  detected  and  appear  as  negative  excursions  from  the  baseline  waveform 
in  the  middle  traces  in  the  photographs.  The  identical  second  set  of  32  packets  is  trans¬ 
ferred  into  the  pixel  wells  when  the  voltage  on  Gs,  shown  in  the  upper  traces  in  the  photo¬ 
graphs,  is  raised.  The  histogram  readouts  in  the  lower  traces  occur  as  the  bias  on  Gs  is 
ramped  down. 


Figure  5-4(a)  shows  the  histogram  of  a  triangle  pattern  that  was  synchronized  with  the 
CCD  clocks.  The  histogram  shows  the  expected  result.  As  the  intensity  threshold  value 
sweeps  down,  it  first  picks  up  the  peak  of  the  triangle,  and  the  histogram  output  jumps  up 
one  small  division  on  the  oscilloscope.  Then  the  two  next  brightest  pixels  are  reached,  and 
the  histogram  output  increases  by  two  small  divisions.  The  output  continues  to  jump  in 
two-division  increments  as  progressively  smaller  pairs  of  pixels  are  included  within  the  range 
of  the  threshold.  Figure  5-4(b)  shows  a  histogram  for  the  same  triangle  pattern  when  it  was 
not  synchronized  with  the  CCD  clocks.  The  pattern  is  still  the  same,  but  it  appears  at  a 
random  position  in  the  CCD  and  the  precise  sampling  points  on  the  triangle  vary  from 
scan  to  scan.  The  sharp  transitions  in  the  histogram  are  smeared  out,  and  the  result  is  the 
expected  linear  histogram. 

The  histogram  information  can  also  be  read  out  using  an  optical  beam  rather  than  a 
ramped  gate  voltage.  Consider  again  the  condition  shown  in  Figure  5-3a.  Instead  of  raising 
the  floor  of  the  CCD  wells  by  reducing  the  bias  on  Gs,  we  can  shine  a  uniform  beam  of 
light  onto  the  imager.  All  the  pixels  will  begin  to  fill.  When  any  pixel  becomes  filled  to  the 
level  of  the  transfer  gate,  the  photocurrent  will  begin  to  flow  over  the  transfer  gate  and  will 
be  collected  on  the  output  diffusion  (the  diffusion  and  transfer  gate  regions  are  assumed  to 
be  shielded  from  light).  The  advantage  of  this  readout  technique  over  the  electrical  one  de¬ 
scribed  first  is  that  the  optical  readout  beam  need  not  illuminate  the  entire  imaging  array, 
but  can  be  directed  onto  any  subset  of  pixels.  It  is  then  possible  to  obtain  the  histogram 
for  any  part  of  the  image. 

J.P.  Sage 

5.2  WIDEBAND  SUPPRESSION  OF  STRONG  SIGNALS  IN  THE  PRESENCE 
OF  WEAK  SIGNALS  BY  BANDPASS-LIMITER  CANCELLATION 

In  a  communication  receiver,  a  weak  signal  from  a  “far”  transmitter  can  be  uninten¬ 
tionally  masked  by  the  stronger  signal  from  a  “near”  transmitter.  This  near/  far  problem  is 
particularly  troublesome  when  the  two  signal  spectra  are  the  same,  as  they  would  be  in  a 
dense  network  environment,  and  spectral  excision  of  the  interference  is  not  possible.  The 
problem  has  resulted  in  the  favoring  of  FH  (frequency-hopped)  over  PN  (pseudonoise)  sys¬ 
tems  because  of  the  FH  receiver’s  capability  to  provide  >80  dB  of  rejection  of  tones  ade¬ 
quately  displaced  in  frequency  from  the  desired  tone,  whereas  a  PN  receiver’s  performance 
relies  upon  its  processing  gain  which  typically  provides  only  20  to  30  dB  of  rejection. 

Although  a  PN  receiver  equipped  with  the  capability  to  adaptively  trade  off  data  rate 
for  processing  gain  provides  some  flexibility  in  near/far  performance,  it  is  not  always  accept¬ 
able  to  overcome  a  near/ far  problem  by  lowering  the  data  rate.  An  alternate  approach  is  to 
supplement  the  linear  processing  gain  of  a  PN  receiver  with  near/far  adaptive  cancellation 
circuitry.  Adaptive  cancellation  is  a  signal-processing  technique  whereby  the  interference  in  a 
received  waveform  is  estimated  and  this  estimate  is  used  to  suppress  the  actual  interference 
in  the  waveform  by  subtraction. 
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Described  below  is  a  bandpass-limiter  cancellation  technique;  experimental  results  indicate 
that  >30  dB  of  suppression  of  a  high-level  wideband  signal  relative  to  a  low-level  signal  of 
equal  bandwidth  is  possible  using  this  process.  The  concept  was  demonstrated  using 
minimum-shift-key  (MSK)  modulation  of  PN  waveforms  with  92.5-MHz  chipping  rates  for 
both  signal  (low  level)  and  interference  (high  level)  and  takes  advantage  of  the  constant- 
amplitude  characteristic  of  such  signals. 

The  realization  of  a  practical  adaptive  cancellation  technique  for  the  near/far  problem 
requires  the  derivation  of  a  properly  weighted  interference  estimate  such  that  the  residue  of 
the  interference  in  the  received  waveform,  following  subtraction,  is  small.  Since  such  a  can¬ 
cellation  process  is  additive,  the  signal  component  of  the  received  waveform  should  remain 
undistorted,  with  no  degradation  to  subsequent  matched  filtering. 

When  the  interference  in  the  received  waveform  is  of  constant  amplitude,  the  6-dB 
small-signal  suppression  effect  of  a  bandpass  limiter  can  be  utilized  to  provide  the  desired 
interference  estimate.  A  bandpass  limiter  consists  of  a  limiting  amplifier  followed  by  a  band¬ 
pass  filter.  The  filter  is  designed  to  pass  the  signal  spectrum  while  suppressing  the  harmonics 
that  evolve  from  the  limiting  process.  For  received  waveforms  of  reasonable  signal-to-noise 
ratio,  the  small  desired  signal  will  be  suppressed  by  6  dB  relative  to  the  larger  constant- 
amplitude  interference  when  passed  through  a  bandpass  limiter.t  The  original  phase  is  pre¬ 
served  in  the  bandpass-limited  signal  so  that  when  this  signal  is  properly  normalized  and 
subtracted  from  the  received  waveform,  the  large  constant-amplitude  interference  is  greatly 
suppressed  while  the  small  signal  is  reduced  by  only  6  dB,  resulting  in  a  net  increase  in  the 
signal-to-interference  ratio. 

The  amount  of  interference  cancellation  that  can  be  obtained  is  dependent  upon  the 
amplitude  and  phase  balance  between  the  received  waveform  and  its  bandpass-limited  ver¬ 
sion.  In  an  actual  circuit  realization,  the  phase  can  be  balanced  by  a  one-time  adjustment  of 
the  delay  of  the  received  waveform  (prior  to  subtraction  in  a  180°  hybrid)  to  take  into 
account  the  signal  delay  through  the  bandpass-limiting  circuitry.  Because  the  output  from  the 
limiter  is  fixed  in  power,  the  power  in  the  large  signal  following  bandpass  limiting  is 
dependent  upon  the  power  in  the  conglomeration  of  all  the  lower-level  signals.  The  ampli¬ 
tude  of  the  bandpass-limited  signal  must  therefore  be  dynamically  adjusted  depending  upon 
the  percentage  of  the  power  in  the  received  waveform  due  to  the  strong  signal  component 
to  be  suppressed. 

An  important  characteristic  of  this  technique  is  that  an  interferer  can  be  suppressed  and 
the  near/ far  tolerance  of  a  PN  receiver  improved  without  the  requirement  for  complex 
weight  adjustment  and  the  use  of  the  least-mean-square  (LMS)  algorithm.  A  complex  weight 
is  obviated  through  careful  gain  and  phase  balance  between  the  received  waveform  and  the 
interference  estimate. 

Although  only  the  largest  constant-amplitude  component  of  the  received  waveform  can 
be  canceled  by  this  technique,  stages  may  be  cascaded  in  order  to  suppress  a  number  of 
successively  smaller  interference  terms. 

t  F.E.  Nathanson,  Radar  Design  Principles  (McGraw-Hill,  New  York,  1969),  pp.  119-124. 
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Figure  5-5.  Larger  ( nearer }  tig  nsl- suppression  circuit. 

The  bandpass-limiter  cancellation  technique  was  demonstrated  using  both  wideband  and 
narrowband  signals.  Figure  5-5  shows  the  wideband  demonstration  where  a  PN  code  genera¬ 
tor,  running  at  a  92.5-MHz  chip  rate,  was  used  to  generate  constantly  changing  forward  and 
reverse  code  patterns  of  1000  chips.  These  patterns  were  MSK  modulated  at  a  center  fre¬ 
quency  of  300  MHz,  and  the  MSK-modulated  reverse  code  was  sent  to  one  port  of  a  SAW 
(surface-acoustic-wave)  convolver  so  that  this  device  could  function  as  a  matched  filter  for 
the  MSK-modulated  forward  code.t  A  signal  representing  the  desired  component  with  inter¬ 
ference  was  then  generated  by  splitting  the  MSK-modulated  forward  code,  delaying  and 
attenuating  one  of  these  signals,  and  then  recombining  the  two.  This  resulted  in  a  signal 
consisting  of  two  superimposed  MSK-modulated  forward  codes,  a  large  one  representing  the 
strong/ near  interferer,  and  a  smaller  delayed  replica  representing  the  weak/far  desired  com¬ 
ponent.  After  passing  through  the  bandpass-limiter  cancellation  circuitry,  this  combined  signal 
(when  processed  by  the  convolver  matched  filter)  produced  a  correlation  spike  for  both  sig¬ 
nals,  with  the  spike  for  the  smaller  signal  delayed  relative  to  that  produced  by  the  larger 
signal.  Such  a  signal  was  used  so  that  the  effect  of  the  bandpass-limiter  cancellation  cir¬ 
cuitry  on  both  of  the  signals  could  be  easily  observed.  In  a  real-life  situation,  the  smaller 
signal  would  generally  have  no  particular  relationship  to  the  larger  one. 
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Figure  5-5  shows  a  2-ft  length  (3  ns)  of  coaxial  cable  and  an  attenuator  in  the  direct 
path  of  the  canceler  which  were  used  to  adjust  the  amplitude  and  phase  balance  between 
the  two  paths.  The  two  correlation  spikes  for  the  signal  and  interference  can  be  seen  in 
Figure  5-6.  Trace  (a)  was  obtained  by  disabling  the  bandpass-limiter  or  reference  leg  of  the 
canceler,  while  trace  (b)  was  obtained  by  disabling  the  direct  path.  Note  from  this  figure 
that,  as  is  necessary  for  cancellation,  the  larger  components  are  equal  while  the  smaller 
component  has  been  suppressed  by  6  dB  due  to  bandpass  limiting.  Trace  (c)  is  the  con¬ 
volver  output  with  both  paths  enabled.  Clearly,  the  larger  component  has  been  significantly 
suppressed.  Not  only  has  the  large  spike  been  suppressed,  but  so  have  all  of  its  side  lobes. 
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Figure  6-6.  Near/far  signal  suppression  results  with  two  wideband  input  signals.  Output  of  convolver 
matched  filter  is  shown,  (a)  Output  of  convolver  with  bandpass-limiter  path  disabled  and  direct  path  enabled, 
(b)  Output  with  bandpass-limiter  leg  enabled  and  direct  path  disabled,  (c)  Output  with  both  circuit  paths 
enabled.  "Near"  signal  and  its  side  lobes  are  clearly  suppressed. 


Finally,  in  order  to  demonstrate  multiple  cancellations,  an  additional  delayed  MSK 
component  was  added  along  with  a  second  bandpass-limiter  canceler  cascaded  with  the  first. 
Figure  5-7  shows  the  three  resultant  correlation  spikes  in  trace  (a).  Trace  (b)  shows  the 
suppression  of  the  largest  component  when  one  canceler  was  enabled,  while  trace  (c)  shows 
the  suppression  of  the  two  largest  components  when  both  cancelers  were  enabled. 
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Figure  6-7.  Multiple  neer/fer  suppression  results,  (a)  Output  for  large  and  two  successively  smaller  and 
delayed  signals,  (b)  Output  after  e  single  stage  of  near/tar  suppression,  (c)  Output  after  two  stages  of  near /far 
suppression. 


A  similar  setup  but  with  no  matched  filter  was  used  for  the  narrowband  demonstration. 
Two  narrowband  tones  were  summed  and  passed  through  the  canceler,  the  output  being 
observed  on  a  spectrum  analyzer.  Figure  5-8(a)  shows  the  spectral  peaks  due  to  the  two 
tones  with  the  bandpass-limiter  leg  of  the  circuit  disabled.  The  two  tones  differ  by  about 
20  dB.  Figure  5-8(b)  shows  the  result  of  tuned  cancellation,  providing  about  50  dB  of  large 
tone  cancellation  with  an  expected  6  dB  of  small-signal  suppression. 

These  results  show  that  >30  dB  of  interference  suppression  is  possible  for  a  wideband 
signal  such  as  the  92.5-MHz  MSK-modulated  PN  signal  used  in  the  wideband  demonstra¬ 
tion.  The  narrowband  results  indicate  that  an  even  greater  cancellation  capability  is  possible 
for  narrowband  signals. 

D.R.  Arsenault 
J.H.  Cafarella 


Figure  6-8.  Narrowband  near /far  suppression  results,  (a)  Spectrum  of  signal  showing  large  and  small  narrow- 
band  signals.  Bandpass-limiter  path  is  disabled,  (b)  Spectrum  of  signal  with  both  paths  enabled.  Large  tone  is 
clearly  suppressed. 
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This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid  State  Division  at  Lincoln 
Laboratory  for  the  period  1  August  through  31  October  1984.  The  topics  covered  are  Solid  State 
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